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Abstract 
Thermoelectric materials can realize direct energy conversion from heat to electricity based 
on thermoelectric effects, thus have been considered as a green and sustainable solution to 
the global energy dilemma by harvesting electricity from waste heat or sunlight. The 
conversion efficiency can be expressed as ZT=S2σT/κ, where S is the Seebeck coefficient, σ 
is electrical conductivity, T is the absolute temperature, and κ is the thermal conductivity. To 
date, two major strategies for achieving high ZT are optimizing the power factor S2σ and 
reducing lattice thermal conductivity κl by band and structural engineering, respectively. 
However, the current commercial thermoelectric materials such as bismuth telluride (Bi2Te3) 
have their ZT values limited to <1.5, which have been the bottleneck challenge for their wider 
practical applications. In this regard, finding next generation thermoelectric systems with ZT 
≥ 1.5 is urgently needed. 
Stannous mono-selenide (SnSe) has attracted much attention because of its great potential 
in realizing high-performance, low-toxic and low-cost thermoelectric devices. To achieve high 
performance in polycrystalline SnSe, three major strategies including doping, multi-phase 
alloying, and micro/nanoscale texturing, have been employed. The peak ZTs have been 
improved from ~0.5 to ~1.0, which are still much lower than their single crystal counterparts. 
To further improve the ZT of SnSe-based thermoelectric materials, in this thesis, multiple 
strategies including nanostructuring and band engineering guided by theoretical modelling 
and/or simulations, were constructively employed to simultaneously minimize κl and 
maximize the S2σ, leading high ZTs in both p-type and n-type polycrystalline SnSe. These 
works are summarized as follow: 
1. For p-type SnSe, we realize a high peak ZT of 1.36 in polycrystalline Sn0.98Se macro-
sized plates, fabricated via an advanced solvothermal method. The obtained exceptional 
thermoelectric performance comes from their high S2σ of 6.95 μW cm-1 K-2 and ultra-low 
κ of 0.42 W m-1 K-1 at 823 K. Through our Hall measurements, we found the high hole 
carrier concentration p of 1.5×1019 cm-3 derived from the self-doping, which contributes to 
a high σ and a moderate S. Moreover, detailed structural characterizations reveal a strong 
preferred orientation in our sintered Sn0.98Se pellets. The phonon scattering sources such 
as grain boundaries synergistically coupled with the anharmonicity bonding of Sn0.98Se 
crystals with a high density of 98.5 %, result in an intrinsic ultra-low κ. (Energy Storage 
Materials 2018, 10: 130-138). 
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2. We achieve a high Cu solubility of 11.8 % in single crystal SnSe microbelts. The pellets 
sintered from these microbelts show a high S2σ of 5.57 μW cm-1 K-2 and low κ of 0.32 W 
m-1 K-1 at 823 K, contributing to a high peak ZT of ~1.41. The high S2σ comes from the 
obtained Cu+ doped state, and the intensive crystal imperfections such as dislocations, 
lattice distortions, and strains, play key roles in keeping low κ. (Chemical Science, 2018, 
9: 7376-7389). 
3. We realize a high ZT of ~1.7 at 823 K in p-type nanoporous polycrystalline SnSe. We 
successfully induce indium selenides (InSey) nanoprecipitates in the as-synthesized SnSe 
matrix of single crystal microplates, and the nanopores are achieved via the 
decompositions of these nanoprecipitates during the sintering process. Through detailed 
structural and chemical characterizations, it is found that the extra-low κ of 0.24 W m-1 K-
1 is caused by the effective phonon blocking and scattering at induced nanopores, 
interfaces, and grain boundaries, contributing to high ZTs. (ACS Nano, 2018, 12: 11417-
11425). 
4. We achieve a ZT of ~1.7 at 823 K in p-type polycrystalline Cd-doped SnSe by combining 
cation vacancies and localized-lattice engineering. It is observed that the introduction of 
Cd atoms in SnSe lattice induce Sn vacancies, which act as p-type dopants. The Sn 
vacancy can be boosted to a high level of ~2.9 %, which results in an optimum p of 
~2.6×1019 cm-3 and an improved S2σ of ~6.9 μW cm-1 K-2. Simultaneously, a low κ of ~0.33 
W m-1 K-1 is achieved by effective phonon scattering at localized crystal imperfections, as 
observed by detailed structural characterizations. Density-functional-theory calculations 
reveal that the role of Cd atoms in the SnSe lattice is to reduce the formation energy of 
Sn vacancies, which in turn lower the Fermi level down into the valence bands, generating 
holes. (Advanced Energy Materials, 2019: 1803242). 
5. For n-type SnSe, we realize a record high ZT of ~1.1 at 773 K in n-type highly-distorted 
Sb-doped microplates via an advanced solvothermal method. The pellets sintered from 
the Sb-doped SnSe microplates show a high S2σ of ~2.4 μW cm-1 K-2 and an ultralow κ of 
~0.17 W m-1 K-1 at 773 K, leading a record high ZT. Such a high S2σ is attributed to a high 
electron concentration n of 3.94×1019 cm-3 via Sb-enabled electron doping, and the 
ultralow κ derives from the enhanced phonon scattering at intensive crystal defects, 
including severe lattice distortions, dislocations, and lattice bent, observed by detailed 
structural characterizations. (Advanced Energy Materials, 2018: 1800775). 
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comparison between experimentally achieved ZTs with predicted values via calculations. The 
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Figure 5.4 Characterizations of synthesized products. (a) XRD patterns of synthesized 
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(a) the Maxwell–Eucken 1 (M-E 1) model and (b) the Effective Medium Theory (EMT) model, 
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area in (f) to show the (100) surface, (h) magnified SEM image of synthesized products for x 
= 0.118, and (i) magnified SEM image of circled area in (h) to show the (100) surface. 
Figure 6.3 (a) TEM image of a typical SnSe microplate for x = 0, corresponding (b) HRTEM 
image and (c) SAED pattern taken from the plate shown in (a), (d) TEM image of a section 
of a typical SnSe microbelt for x = 0.118, inset showing the corresponding SAED pattern, (e) 
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Figure 6.4 (a) STEM HAADF image of microbelt (x = 0.118) viewed along the a with strain 
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(i) comparison of experimental ZTs with predicted plots for our Cu-doped SnSe pellets. 
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measured along both the ⊥ (yellow line) and // (blue line) direction, (b) magnified XRD 
patterns to see the peak deviation at 111* and 400*. SEM images of polished surfaces taken 
from sintered (c) SnSe and (d) Sn0.882Cu0.118Se pellets, (e) corresponding EDS mapping 
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inserted FFT patterns to show strain contrast, and (h) HRTEM image to show a grain 
boundary. 
Figure 6.9 Detailed XRD patterns of synthesized products with (a) r = 10 %, (b) r = 20 % 
before removing Cu2Se secondary phase, and (c) r = 20 % after removing Cu2Se secondary 
phase. 
Figure 6.10 The determined r-dependent lattice parameters (a) a, (b) b, (c) c, and (d) unit 
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Figure 6.11 SEM images of synthesized products for (a) x = 0, (b) x = 0.01, (c) x = 0.05, (d) 
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Figure 6.12 Crystal model of (a) undoped and (b) heavily Cu-doped SnSe with labelled 
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Figure 6.13 Plots of T-dependent properties with different measured directions from our 
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directions parallel to the sintering pressure is labelled as “//”. 
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Figure 6.14 Plots of (a) calculated T-dependent L and (b) calculated T-dependent κl/κ ratio. 
Figure 6.15 The comparison of both average and peak ZT with reported Cu-doped SnSe 
works from 298 K to 873 K. 
Figure 6.16 T-dependent properties with different measured times for our 11.8 % Cu-doped 
SnSe pellets: (a) σ, (b) S, (c) S2σ, (d) κ, and (e) ZT. All properties are measured along ⊥ 
direction. The 1st, 3rd and 5th measurements were taken under heating processes, and the 
other three measurements were taken under cooling processes. 
Figure 7.1 Illustrations of fabrication for our Cd-doped SnSe. (a) Illustration of solvothermal 
synthesis, (b) obtained Cd-doped SnSe products and subsequent sintering and cutting 
processes, (c) phonon scattering sources observed in our pellets, and (d) comparisons of 
achieved temperature-dependent ZT from our pellets with reported polycrystalline SnSe. 
Figure 7.2 Calculated thermoelectric performance as a function of p and Sn vacancy 
formation energy of SnSe. (a) Calculated p-dependent ZT of polycrystalline SnSe at T = 823 
K with a fixed κl of 0.4, (b) improvement of p-dependent ZT via reducing κl, (c) calculated 
results of Sn vacancy formation energy before and after inducing Cd. The units of S2σ and κ 
(κl) are μW cm-1 K-2 and W m-1 K-1, respectively. 
Figure 7.3 Band structures and DOS of SnSe. Comparisons of calculated electronic 
structures of (a) pure SnSe (Sn128Se128), (b) Cd-doped SnSe without vacancy (CdSn127Se128), 
(c) Cd-doped SnSe with vacancy (CdSn126Se128), (d) SnSe with vacancy (Sn127Se128), and 
(e) Comparisons of corresponding DOS. 
Figure 7.4 Structural characterizations of synthesized products. (a) XRD results, (b) Enlarged 
400* peaks to see the peak deviation. Achieved lattice parameters of (c) a, b, (d) c and V as 
a function of vacancy rate shown in Table 5.3.1. 
Figure 7.5 Morphological and compositional characterizations of the synthesized products. 
(a) SEM image with inset of optical image of synthesized flower-like Sn0.948Cd0.023Se 
microplates, (b) magnified SEM image of one Sn0.948Cd0.023Se microplate showing (100) 
surface with crystal imperfections exemplified in inset, (c) one typical Sn0.948Cd0.023Se 
microplate with simulated atomic model showing the out of plane, (d) TEM image of a typical 
Sn0.948Cd0.023Se microplate with inset of corresponding SAED pattern, (e) EDS spot and 
mapping images, Cu comes from the TEM copper grid, (f) HRTEM image circled in (d) to see 
the localized lattice distortion with inset of HRTEM image to see the dislocations, (g) high 
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resolution Cs-STEM HAADF images to see the difference of contrast, and (h) corresponding 
intensity line profile taken from (g) to illustrate the potential reasons causing the contrast 
difference. 
Figure 7.6 Structural and compositional characterizations of sintered pellets. (a) XRD results 
of sintered Sn0.994Se and Sn0.948Cd0.023Se pellets measured along different directions, (b) 
magnified XRD results to see the deviations of 400* and 111* peak, and XPS spectrum of (c) 
Survey scan for Sn0.948Cd0.023Se pellet and (d) High-resolution scan for Cd 3d. 
Figure 7.7 Morphological and compositional characterizations of sintered pellets. (a) SEM 
image with inset of optical image of Sn0.948Cd0.023Se pellet polished from the ⊥ direction, (b) 
corresponding EDS mapping results for (a), SEM images of Sn0.948Cd0.023Se pellet fractured 
from (c) the ⊥ direction and (d) the // direction, the inset magnified SEM images show the 
honeycomb-like structure, (e) TEM image of sliced Sn0.948Cd0.023Se pellet to see the overlap 
of grains with inset HRTEM image showing a typical dislocation, (f) HRTEM image to show 
the local lattice distortion, (g) comparison of Cs-STEM HAADF images between Sn0.994Se 
(left) and Sn0.948Cd0.023Se (right) pellets to see the difference, (h) high resolution Cs-STEM 
HAADF image of Sn0.948Cd0.023Se pellet viewed along the b-axis to see different contrast, and 
(i) corresponding intensity line profile taken from (h) to illustrate the potential reasons causing 
the contrast difference. 
Figure 7.8 Plots of measured T-dependent properties from Cd-doped SnSe pellets: (a) σ, (b) 
S, (c) S2σ, and (d) κ. 
Figure 7.9 Plots of measured and/or calculated T-dependent properties for Cd-doped SnSe 
pellets: (a) p, (b) μ, (c) κe, (d) κl with 1000/T-dependent κl as inset, (e) ZT, and (f) a comparison 
of achieved ZTs with calculated predicted ZTs. 
Figure 7.10 Comparisons of calculated band structures for (a) Sn0.994Se, (b) Sn0.976Cd0.009Se, 
(c) Sn0.957Cd0.019Se, and (d) comparisons of DOS of Sn0.994Se, Sn0.984Cd0.005Se, 
Sn0.976Cd0.009Se, Sn0.966Cd0.014Se, Sn0.957Cd0.019Se, and Sn0.948Cd0.023Se. 
Figure 7.11 Comparisons of DOS for pure SnSe (Sn128Se128), Cd-doped SnSe (CdSn127Se128) 
with and without relaxation. 
Figure 7.12 Detailed XRD patterns of synthesized Cd-doped SnSe products 
(Sn0.948Cd0.023Se) with (a) before and (b) after removing CdSe secondary phase. 
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Figure 7.13 (a) Optical and (b) SEM images of synthesized pure SnSe (Sn0.994Se) 
microplates, (c) magnified SEM image of one typical Sn0.994Se microplate with (100) surface, 
and (d) magnified SEM image to show the side surfaces. 
Figure 7.14 (a) TEM image of one typical pure SnSe (Sn0.994Se) microplate, (b) magnified 
TEM image of (a), (c) corresponding HR-TEM image, and (d) SAED pattern. 
Figure 7.15 SEM images of pure SnSe pellet (Sn0.994Se) polished surfaces from (a) the ⊥ 
directions and (b) the // directions, and SEM images of Sn0.994Se pellet fractured from (c) the 
⊥ directions and (d) the // directions. 
Figure 7.16 T-dependent properties with different measured times for our Cd-doped SnSe 
pellets (Sn0.948Cd0.023Se): (a) σ, (b) S, (c) S2σ, (d) κ, and (e) ZT. All properties are measured 
along ⊥ direction. The 1st, 3rd and 5th measurements were taken under heating processes, 
and the other three measurements were taken under cooling processes. 
Figure 7.17 Plots of T-dependent properties with different measured directions from our Cd-
doped SnSe pellets: (a) σ, (b) S, (c) S2σ, (d) κ, and (e) ZT. The measured directions 
perpendicular to the sintering pressure is labelled as “⊥”, and the measured directions parallel 
to the sintering pressure is labelled as “//”. 
Figure 7.18 Plots of T-dependent (a) D, (b) m*, (c) L, and (d) κl/κ ratio. 
Figure 8.1 Illustrations of Sb-doped SnSe for (a) the fabrication process, (b) crystal structure 
viewed along the b-axis and the characterization techniques used, (c) potential phonon 
scattering at induced dislocations and strain fields, (d) sintering process, and (e) obtained ZT 
value compared with other n-type polycrystalline SnSe. 
Figure 8.2 (a) XRD patterns of the synthesized SnSbxSe1-2x products with different x values, 
(b) enlarged 400* peak, (c) determined lattice parameters a, b, and c as a function of x, and 
(d) unit cell volumes as a function of x. 
Figure 8.3 (a) Survey scan of XPS spectra for synthesized Sb-doped SnSb0.03Se0.94, and 
high-resolution scans of XPS spectra for the elements (b) Sn 3d, (c) Se 3d, and (d) Sb 3d. 
Figure 8.4 (a) Optical and (b) SEM images of synthesized SnSb0.03Se0.94 microplates, (c) 
magnified SEM image of flower-like SnSb0.03Se0.94 microplates, (d) magnified SEM image of 
SnSb0.03Se0.94 microplates circled in (c) to show stepped (100) surface, (e) magnified SEM 
image of one SnSb0.03Se0.94 microplate with circled imperfections and crystal bent, and (f) 
magnified SEM image of one cracked SnSb0.03Se0.94 microplate with labelled symmetry. 
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Figure 8.5 (a) TEM image of a typical SnSb0.03Se0.94 plate, (b) corresponding SAED pattern, 
(c) HRTEM image taken from an edge of the plate, (d) zoom-in HRTEM image taken from 
the area the thickness changes, (e) TEM image taken from a dark area in (a), (f) HRTEM 
image taken from highly strained area, (g) zoom-in HRTEM image showing the local lattice 
bent, (h) EDS spot results with inserted mapping results for Sn, Se, and Sb, respectively. The 
Cu signals come from the copper grid of TEM. 
Figure 8.6 Plots of measured properties from our SnSbxSe1-2x pellets (x = 0.01, 0.02, and 
0.03) as a function of T for (a) S, (b) σ, (c) S2σ, and (d) κ. The relevant properties of n-type 
polycrystalline SnSe reported are also plotted for comparison. 
Figure 8.7 Plots of measured properties from our SnSbxSe1-2x pellets (x = 0.01, 0.02, and 
0.03) for (a) n as a function of T, (b) μ as a function of T, (c) κe as a function of T, (d) κl as a 
function of T, (e) κl as a function of 1000/T, and (f) calculated κl/κ ratio as a function of T. 
Figure 8.8 (a) XRD patterns of sintered SnSe pellets (both pure SnSe and SnSb0.03Se0.94) 
measured along both the ⊥ (pink line) and // (yellow line) direction, (b) magnified XRD 
patterns to see the peak deviation at 111* and 400*, (c) magnified TEM image taken from a 
laminar TEM specimen sliced using Ultramicrotone as shown in the inserted TEM image, (d) 
[100] zone-axis HRTEM image with inserted FFT patterns, (e) [001] zone-axis HRTEM 
image with inserted FFT patterns and dislocation, (f) Cs-STEM HAADF image viewed along 
the a-axis, and (g) EDS scan lines taken from a Cs-STEM HAADF image viewed along the 
a-axis. 
Figure 8.9 Detailed XRD patterns of synthesized products with (a) pure SnSe, (b) 
SnSb0.03Se0.94 before removing Sb2Se3 secondary phase, and (c) SnSb0.03Se0.94 after 
removing Sb2Se3 secondary phase. 
Figure 8.10 (a) Optical and (b) SEM images of synthesized SnSe microplates, (c) Magnified 
SEM image of one typical SnSe microplate with inserted SEM image to show the side surface, 
and (d) magnified SEM image of one typical SnSe microplate with labelled planes. 
Figure 8.11 (a) TEM image of one typical SnSe microplate, (b) TEM image of SnSe multi-
layers, (c) corresponding HR-TEM image, and (d) SAED pattern taken from the multi-layers 
shown in (b). 
Figure 8.12 (a) TEM image from a typical SnSb0.01Se0.98 plate, (b) corresponding SAED 
pattern, (c) magnified TEM image taken from circled area in (a), (d) HRTEM image from 
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circled area in (c) to see the lattice with slight distortion, (e) HRTEM image from circled area 
in (c) to see the crystal imperfection, and (f) HRTEM image from circled area in (c) to see the 
distorted lattice. 
Figure 8.13 (a) Illustration of preparation for sintered SnSb0.03Se0.94 samples with different 
directions (red for ⊥ and green for // to the sintering pressure) from the pellet, SEM images 
of polished SnSb0.03Se0.94 sample surfaces along (b) the ⊥ direction and (c) the // direction, 
SEM images of sample surfaces fractured from (d) the ⊥ direction and (e) the // direction, (f) 
magnified SEM image of sample surface fractured from the ⊥ direction to see the staggered 
layers of SnSe. 
Figure 8.14 Plots of properties with different measured directions from our SnSbxSe1-2x 
pellets with x = 0 and 0.02 as a function of T for (a) σ, (b) S, (c) S2σ, (d) κ, and (e) ZT. The 
measured directions perpendicular to the sintering pressure is labelled as “⊥”, and the 
measured directions parallel to the sintering pressure is labelled as “//”. 
Figure 8.15 Plots of measured (a) D and (b) Cp from our SnSbxSe1-2x pellets (x = 0.01, 0.02, 
and 0.03) as a function of T. 
Figure 8.16 Average and peak ZTs compared with other reported n-type polycrystalline SnSe 
(SnSe0.95 + 4 % BiCl3, SnSe0.87I0.03S0.1, SnSe0.95 + 3 % PbBr2, and Sn0.74Pb0.20Ti0.06Se). 
Figure 9 A comparison of our works (labelled as red) and other state-of-art works based on 
thermoelectric SnSe: (a) T-dependent ZTs and (b) average ZTs for single crystals, and (c) T-
dependent ZTs and (d) average ZTs for polycrystalline SnSe. 
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Chapter 1 Introduction 
In this chapter, a background of current global energy dilemma and a brief summary of state-
of-art thermoelectric materials including SnSe are presented, followed by the objective and 
scopes of this thesis. In the end of this chapter, the thesis outline is described. 
1.1 Background 
Traditional energy supply and consumption have drawn extensive attention in recent decades 
due to the limited availability of fossil fuels and environmental issues. To overcome the 
potential energy crisis in the near future, development of sustainable energy resources has 
become a focus of intense research.1-2 Different approaches have been explored to develop 
different renewable energies. Among them, thermoelectric materials have been considered 
as a green and sustainable solution to the global energy dilemma by generating electricity 
from waste heat or sunlight.3 
To evaluate the efficiency of energy conversion, the figure-of-merit ZT is defined as 
ZT = 
𝑆2𝜎
𝜅
 T = 
𝑆2𝜎
𝜅𝑒  + 𝜅𝑙
 T      (1-1) 
where S, σ, κ, κl, κe, and T are the Seebeck coefficient, the electrical conductivity, the thermal 
conductivity, the lattice thermal conductivity, the electronic thermal conductivity, and the 
absolute temperature, respectively.4 The power factor (S2σ) is associated with electrical 
transports.5 As shown in Eq. (1-1), a relative high ZT requires a high S2σ and/or a low κ.6-7 
So far, significant progress has been made in enhancing ZT through increasing S2σ by 
resonant state doping,8-11 minority carrier blocking,12-15 band convergence,16-19 quantum 
confinement,20-23 and/or reducing κ by nanostructuring,24-27 hierarchical architecturing,28-31 
and matrix with nanoprecipitates.32-35 In general, one thermoelectric component contains an 
n-type and a p-type thermoelectric material, so that the developments of both n-type and p-
type high-performance thermoelectric materials are necessary for the practical use of 
thermoelectric devices.36-37 
Since the establishing of the basic thermoelectric science in 1950s,38 and first functional 
devices invented in the 1960s,39 thermoelectric materials developed rapidly. An average ZT 
of ~1.0 was achieved by the first generation thermoelectric materials before 1990s, and then 
reached to ~1.7 as a benchmark of the second generation,3, 40-46 and then over 2.0 as a 
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benchmark of the third generation. A high ZT of 1.8 ~ 2.2 can contribute to a relatively high 
energy conversion efficiency of 15 % ~ 20 %, which is with full potential for energy saving 
from waste heat. Nowadays, computational identification methods are frequently used to find 
and design promising thermoelectric materials with high ZT.47 Figure 1 present the major 
milestones achieved for ZT values as a function of T both for n-type48-59 and p-type10, 29, 60-69 
bulk thermoelectric materials. 
 
Figure 1 Temperature-dependent ZT values for some typical classes of (a) n-type48-59 and 
(b) p-type10, 29, 60-69 bulk thermoelectric materials. 
 
Among these state-of-art thermoelectric materials, a remarkable high ZT of ~2.6 at 923 K 
found in the p-type single crystal SnSe (along the b-axis) was obtained,67 as well as a relative 
high ZT of 2.2 at 773 K obtained from the n-type Bi-doped single crystal SnSe (also along the 
b-axis).58 Such outstanding thermoelectric performances were derived from the ultralow κ 
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observed from the high temperature SnSe phase at T > 973 K. Inspired by the ultralow κ and 
high electrical performance (σ, S, and in turn S2σ), SnSe-based thermoelectric materials have 
attracted significant attention in recent years,70 and shortly became a globally focused 
research topic. Although SnSe single crystals have demonstrated outstanding thermoelectric 
property, they still have their own limitations for practical applications, mainly due to their poor 
mechanical properties, rigid-controlled crystal growth conditions, and high production cost for 
industrial scale-up.71 For this reason, the development of high performance polycrystalline 
SnSe became a research focus, since there is a significant potential for enhancing the ZT 
values of polycrystalline SnSe materials through systematic optimization, such as texturing,72 
doping,73 and alloying.70 So far, the ZT values of polycrystalline SnSe materials have been 
improved from 0.5 to nearly 1.0.74 However, it should be noted that the thermoelectric 
performance of polycrystalline SnSe is still much lower than its single crystal counterpart due 
to its comparatively high κ and low σ.75 Achieving an ultralow κ to be comparable to the single 
crystal counterpart has been a challenge and needs strategies. 
1.2 Objective and Scopes 
In this thesis, we aim to develop cost-effective, low-toxic, and high-efficiency SnSe-based 
thermoelectric materials for heat pumping and power generation. For the main strategies, 
texturing, nanostructuring, and band engineering, guided by theoretical modelling and/or 
simulations, will be constructively employed to simultaneously reduce κ and improve S2σ via 
tuning carrier concentration n or p (n for electron carriers and p for hole carriers). Theoretical 
guided SnSe-based thermoelectric materials with tuneable structural characteristics and 
dopants will be fabricated to satisfy both n and p type high-performance thermoelectric 
applications using controllable and scalable approaches. Specifically, this thesis has the 
following research objectives: 
1) To synthesize SnSe micro-crystals with controlled dimension, structure, composition, and 
dopant level under the guidance of theoretical simulation and modelling; 
2) To develop band engineering strategies (e.g., doping or alloying) to achieve n-type or p-
type semiconductors with desired dopants and doping levels to manipulate their electronic 
structures, especially tuning the optimised carrier density, lowering band effective mass, 
and distorting the electronic density of states; and to develop nanostructuring strategies 
to control the morphological (shape, thickness), structural (crystal structures and their 
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perfection) and compositional characteristics of fabricated SnSe-based thermoelectric 
materials, so as to engineer the interfaces (including defects, grain boundary, vacancy, 
and dislocations) for minimal κ; 
3) To determine the structure and property links through closely correlating the determined 
structural characteristics with their measured performance by advanced microscopy 
characterizations and transport measurements; 
Based on the fact that nanostructuring and band engineering are in principle independent of 
each other, their synergetic incorporation should contribute ultimately to ZT improvement 
(targeted reliable peak ZT ≥ 1.5) to solve bottleneck challenges for thermoelectric materials 
used in large-scale applications. 
1.3 Thesis outline 
This thesis is carefully organized by the following thesis outline: 
Chapter 1 is the introduction of this project. 
Chapter 2 provides the literature review of previous studies based on SnSe thermoelectric 
materials, including fundamental thermoelectric effects, structural characteristics, 
computational advances, fabrication techniques, and performance evaluations of both SnSe 
single crystals and polycrystalline SnSe bulks. The literature review can help establishing the 
understanding of effective factors for high performance SnSe-based thermoelectric materials. 
In the end of this chapter, the unsolved issues and opportunities are also described. 
Chapter 3 lists the fundamental principle of synthesis methods, characterizations, and 
thermoelectric property measurements of SnSe applied in this thesis. Solvothermal method 
is introduced in detail as the main synthesis method used in this project, some basic working 
principles of these experimental technologies are introduced. 
Chapter 4 describes the achievements of realizing high thermoelectric performance in p-type 
pure polycrystalline SnSe. In this chapter, two published works are provided, namely 
“Achieving High Figure of Merit in p-type Polycrystalline Sn0.98Se via Self-Doping and 
Anisotropy-Strengthening (Energy Storage Materials, 2018, 10: 130-138)” and 
“Polycrystalline SnSe with Extraordinary Thermoelectric Property via Nanoporous Design 
(ACS Nano, 2018, 12: 11417-11425)”. These works provide new perspectives to achieve 
high thermoelectric performance in pure polycrystalline SnSe materials. 
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Chapter 5 describes the achievements of realizing high thermoelectric performance in p-type 
doped polycrystalline SnSe. In this chapter, two published works are provided, namely 
“Boosting the thermoelectric performance of p-type heavily Cu-doped polycrystalline SnSe 
via inducing intensive crystal imperfections and defect phonon scattering (Chemical Science, 
2018, 9: 7376-7389)” and “High thermoelectric performance in p-type polycrystalline Cd-
doped SnSe achieved by a combination of cation vacancies and localized lattice engineering 
(Advanced Energy Materials, 2019: 1803242)”. These works provide new perspectives to 
achieve high thermoelectric performance in doped polycrystalline SnSe materials. 
Chapter 6 describes the achievement of realizing high thermoelectric performance in n-type 
polycrystalline SnSe. In this chapter, one published work is provided as “Realizing High 
Thermoelectric Performance in n-Type Highly Distorted Sb-Doped SnSe Microplates via 
Tuning High Electron Concentration and Inducing Intensive Crystal Defects (Advanced 
Energy Materials, 2018: 1800775)”. This work provides a new perspective to achieve high 
thermoelectric performance in n-type polycrystalline SnSe materials. 
Chapter 7 gives the conclusion of this thesis with recommendations for future development 
of SnSe-based thermoelectric materials. 
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Chapter 2 Literature Review 
In this chapter, we aim to provide a thorough summary of current research on structural 
characteristics, theoretical calculations, syntheses, characterizations, and thermoelectric 
performance of both single-crystal and polycrystalline SnSe and its associated materials. On 
this basis, we also discuss the controversies, challenges and strategies toward future 
enhancements of the thermoelectric performance of SnSe-based materials. 
2.1 Thermoelectric Basics 
The thermoelectric basics include three fundamental thermoelectric effects (Seebeck effect, 
Peltier effect, and Thomson effect), as well as the definition of figure-of-merit ZT and its 
application on both thermoelectric generation and refrigeration. Furthermore, the primary 
thermoelectric parameters are also introduced to describe the potential routes to further 
improve ZT. 
2.1.1 Thermoelectric Effect 
Thermoelectric effects can be described in mainly three aspects, namely Seebeck effect, 
Peltier effect, and Thomson effect. These effects explain the phenomenon of the conversion 
between temperature gradient and electricity, thus play a significant role in guiding the 
development of thermoelectric materials, especially when new thermoelectric candidates 
such as SnSe are discovered.  
As the first found thermoelectric effect, Seebeck effect was discovered by a German scientist 
Thomas Johann Seebeck in 1821.1 He found that a difference of temperature between the 
junctions can be realized when a compass was inducted by a nearby closed cycle jointed by 
two different metals.1 This phenomenon is named as the Seebeck effect, which can be simply 
schematized by Figure 2.1(a). Seebeck effect can be described as following formula:1 
Sab=Sa - Sb= 𝑙𝑖𝑚
∆𝑇→0
𝑉
∆𝑇
 
      (2-1) 
where Sab is the relative Seebeck coefficient of material a and b, Sa, Sb are absolute Seebeck 
coefficients of material a and b, and V is the thermoelectric force. The mechanism of Seebeck 
effect is that when the junction is heated, electrons could pass from the material in which the 
electrons have lower energy into that in which the electrons have higher energy, resulting in 
an electromotive force.2-3 
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Peltier effect was discovered by a French watchmaker J. Peltier.1 He found that through a 
thermocouple, when an electric current passed, it would produce a small cooling or heating 
effect depending on its direction,1 as shown in Figure 2.1(b). Peltier effect can be described 
as following formula:1 
𝑑𝑄
𝑑𝑡
 = πabI = (πa-πb)I      (2-2) 
where πab is the relative Peltier factor of material a and b, πa and πb are the absolute Peltier 
factors of material a and b, Q is the hear energy, t is the time of current goes through, and I 
is the electric current. The mechanism of Peltier effect is that when an electric current passes 
from one material to another, the energy transported by the electrons is changed.2-3 
In terms of Thomson effect, in 1855, W. Thomson first discovered reversible cooling or 
heating when there were both electric current and gradient of temperature, which existed in 
a homogeneous conductor, as shown in Figure 2.1(c). Thomson effect can be described as 
following formula:1 
dQT = 
𝜏𝐼𝑑𝑡
𝑑𝑥
       (2-3) 
where the scale factor 𝜏 is called Thomson factor. 
 
Figure 2.1 Schematic illustrations of (a) Seebeck effect,1 (b) Peltier effect,1 and (c) Thomson 
effect. 
 
The relationships of these three effects can be described as following formulas:1 
𝜋𝑎𝑏 = 𝛼𝑎𝑏𝑇       (2-4) 
𝑑𝛼𝑎𝑏
𝑑𝑇
=
𝜏𝑎−𝜏𝑏
𝑇
       (2-5) 
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2.1.2 Figure-of-Merit ZT 
To evaluate the efficiency of energy conversion, the figure-of-merit ZT is defined as:1 
ZT = 
𝑆2𝜎
𝜅
 T = 
𝑆2𝜎
𝜅𝑒  + 𝜅𝑙
 T      (2-6) 
where S, σ, κ, κe, κl, and T are the Seebeck coefficient, the electrical conductivity, the thermal 
conductivity, the electronic thermal conductivity, the lattice thermal conductivity, and the 
absolute temperature, respectively.4 The power factor (S2σ) is associated with electrical 
transports.5 It is clear that a high S2σ and/or a low κ are required to achieve a relative high 
ZT.6-7 So far, two major strategies for achieving high ZT are optimizing S2σ and reducing κl 
by band and structural engineering, respectively.4-5 Considering that one thermoelectric 
component contains an n-type and a p-type thermoelectric material, the developments of 
both n-type and p-type high-performance thermoelectric materials are necessary for the 
practical use of thermoelectric devices. 
 
Figure 2.2 (a) Efficiency of thermoelectric devices as a function of temperature difference 
ΔT,6 and (b) power generation efficiency and (c) refrigeration efficiency as a function of 
average ZT.1 
 
It is essential for thermoelectric materials to pursue a higher ZT value. Figure 2.2(a) indicates 
the relation between the thermoelectric efficiency and the temperature difference. Given a 
fixed temperature or a temperature difference, higher ZT can result in higher efficiencies in 
both power generation and refrigeration. If the ZT is close to or higher than 2, the efficiency 
could achieve higher than 15 %, which is comparable to traditional engine performance. 
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2.1.3 Thermoelectric Generation and Refrigeration 
In terms of the power generation and refrigeration of thermoelectric devices, the efficiency of 
power generation is described as:7 
𝜂 =
𝑇ℎ−𝑇𝑐
𝑇ℎ
·
√1+𝑍𝑇−1
√1+𝑍𝑇+
𝑇𝑐
𝑇ℎ
      (2-7) 
where 𝑇  is the average temperature of the hot-side temperature Th and the cold-side 
temperature Tc. 
The coefficient of performance for a refrigeration mode is:7 
𝐶𝑂𝑃 =
𝑇𝑐
𝑇ℎ−𝑇𝑐
·
√1+𝑍𝑇−
𝑇ℎ
𝑇𝑐
√1+𝑍𝑇+1
      (2-8) 
where εc is the Carnot efficiency. It can be described as:7 
εc = 
𝑇ℎ−𝑇𝑐
𝑇ℎ
       (2-9) 
Figure 2.2(b-c) show the power generation and refrigeration efficiencies (ηp and ηc) as a 
function of average ZT.1 It is clear that a high ZTave is needed to secure high power generation 
and/or refrigeration efficiencies. 
2.1.4 Thermoelectric Parameters 
In order to achieve high ZTs in SnSe, a key step is to tune an appropriate carrier 
concentration n (holes) or p (electrons), which optimizes the electrical transport properties.8-
9 The relationships between n/p and S, σ, κ can be described as:10 
𝑆 =
8𝜋2𝑘𝐵
2
3𝑒ℎ2
𝑚 ∗ 𝑇 (
𝜋
3𝑛
)
2/3
     (2-10) 
σ = neμ       (2-11) 
κ = κl + κe       (2-12) 
𝜅𝑒 = 𝐿𝜎𝑇 = 𝑛𝑒𝜇𝐿𝑇      (2-13) 
where m* is the effective mass of the carriers, e is the electrical charge, kB is the Boltzmann 
constant, and μ is the carrier mobility. These formula indicate that S, σ, and κ strongly couple 
with each other, making it difficult to achieve an optimized ZT. To predict an suitable p for 
high ZT, we use a single parabolic band (SPB) model11-14 to study p-dependent ZT at T = 
823 K with a fixed κl of 0.4 W m-1 K-1, as shown in Figure 2.3. 
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Figure 2.3 Calculated thermoelectric performance as a function of p: (a) Calculated p-
dependent ZT of polycrystalline SnSe at T = 823 K with a fixed κl of 0.4 W m-1 K-1; and (b) 
Improvement of p-dependent ZT via reducing κl. 
 
The calculations are based on the following formula:15 
𝑆(𝜂) =
𝑘𝐵
𝑒
∙ [
(𝑟+
5
2
)∙𝐹
𝑟+
3
2
(𝜂)
(𝑟+
3
2
)∙𝐹
𝑟+
1
2
(𝜂)
− 𝜂]    (2-14) 
𝑝 =
1
𝑒∙𝑅𝐻
=
(2𝑚∗∙𝑘𝐵𝑇)
3
2
3𝜋2ℏ3
∙
(𝑟+
3
2
)
2
∙𝐹
𝑟+
1
2
2 (𝜂)
(2𝑟+
3
2
)∙𝐹
2𝑟+
1
2
(𝜂)
    (2-15) 
𝜇 = [
𝑒𝜋ℏ4
√2(𝑘𝐵𝑇)
3
2
𝐶𝑙
𝐸𝑑𝑒𝑓
2(𝑚∗)
5
2
]
(2𝑟+
3
2
)∙𝐹
2𝑟+
1
2
(𝜂)
(𝑟+
3
2
)
2
∙𝐹
𝑟+
1
2
(𝜂)
   (2-16) 
𝐿 = (
𝑘𝐵
𝑒
)2 ∙ {
(𝑟+
7
2
)∙𝐹
𝑟+
5
2
(𝜂)
(𝑟+
3
2
)∙𝐹
𝑟+
1
2
(𝜂)
− [
(𝑟+
5
2
)∙𝐹
𝑟+
3
2
(𝜂)
(𝑟+
3
2
)∙𝐹
𝑟+
1
2
(𝜂)
]
2
}   (2-17) 
where η, r, RH, ħ, Cl, Edef, and L are the reduced Fermi level, the carrier scattering factor (r = 
-1/2 for acoustic phonon scattering), the Hall coefficient, the reduced plank constant, the 
elastic constant for longitudinal vibrations, the deformation potential coefficient, and the 
Lorenz number, respectively. Here:15 
Cl = vl2ρ       (2-18) 
where vl is the longitudinal sound velocity and taken as 2730 ms-1 in this study.15 Fi(η) is the 
Fermi integral expressed as:15 
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𝐹𝑖(𝜂) = ∫
𝑥𝑖
1+𝑒(𝑥−𝜂)
∞
0
𝑑𝑥     (2-19) 
As shown in Figure 2.3(a), it is clear that p = ~3.0×1019 cm-3 can contribute to a peak ZT of 
~1.4, which is competitive to the currently reported polycrystalline SnSe.8 In terms of thermal 
conductivity κ, since lattice vibrations (κl) contribute more than 50 % to the total κ in 
polycrystalline SnSe under 850 K,4, 16-17 minimizing κl plays a significant role in lowering κ. 
We have studied p-dependent ZT at T = 823 K with different κl values. As shown in Figure 
2.3(b), a high peak ZT of ~1.85 at 823 K can be obtained when κl is reduced to 0.2 W m-1 K-
1, which is close to its minimum value of 0.26 W m-1 K-1 calculated under the condition of full 
density along the a-axis.8, 18 Thus, it is possible to improve ZTs by appropriately tuning p and 
reducing κl. 
2.2 Structural Characteristics of SnSe 
SnSe is a typical inorganic compound semiconductor,19 that has a Molar mass of 197.67 g 
mol-1, a theoretical density of 6.179 g cm-3 at room temperature,20 and a melting point of 1134 
K.21-22 In this section, the structural characteristics of SnSe are summarized, including its 
phase diagram, crystal structures, phonon scattering effects, mechanical properties, and 
oxidization behaviour. 
2.2.1 Phase Diagram 
The binary phase diagram of Sn-Se is very useful to provide the thermodynamic information. 
Figure 2.4 is the Sn-Se binary phase diagram,21, 23 in which two intermediate phases can be 
found as SnSe and SnSe2. In the Sn-SnSe region, a liquid miscibility gap, a monotectic 
reaction, and a eutectic reaction can be observed. Besides, eutectic reactions can also be 
found in the SnSe-SnSe2 and SnSe2-Se regions. The two eutectic points, L1 
 
⇔ (Sn) + SnSe 
and L2 
 
⇔  SnSe2 + (Se), are very close to pure Sn and pure Se, respectively. For the 
intermediate phase of SnSe, there are two stable SnSe phases, denoted as α-SnSe (low 
temperature) and β-SnSe (high temperature), respectively. 
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Figure 2.4 Sn-Se binary phase diagram,21, 23 reproduced and revised with permission, 
Copyright 2006, ASM International. 
 
As an important and convenient synthesis method for fabricating SnSe, melting routes are 
widely used.24 Generally, in order to obtain high pure and stable SnSe compounds, the 
melting route is to set T > 1134 K – the melting point.24-28 To pursue a high density and stable 
structure in the sintering process of polycrystalline SnSe, it is generally sintered at a high 
temperature ranging from 800 to 1105 K.4 
2.2.2 Crystal Structure 
As mentioned above, SnSe has two stable phases: α-SnSe (T < ~800 K) and β-SnSe (T > 
~800 K). These two phases possess a similar crystal structure (orthogonal), but different 
lattice parameters and space groups, as summarized in Table 2.1, where S.D. is the 
abbreviation of Strukturbericht designation.21, 23 
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Table 2.1 Crystal structure data of SnSe system.21, 23 
Phase Composition, % Se Pearson 
symbol 
Space 
group 
 S. D. Lattice Parameters 
(Å) 
Prototype 
α-SnSe 50 oP8 Pnma  B16 a = 11.37, b = 4.19, c 
= 4.44 
GeS 
β-SnSe 50 oC8 Cmcm  Bf a = 4.31, b = 11.71, c 
= 4.32 
CrB 
 
Low-temperature α-SnSe (T < ~800 K) has an orthogonal structure with lattice parameters of 
a = 11.37 Å, b = 4.19 Å, and c = 4.44 Å and a space group of Pnma (#62). Figure 2.5(a) 
shows the atomic structure of α-SnSe in a unit cell, and Figure 2.5(b-d) show the projected 
crystal structure of α-SnSe viewed along the a-, b-, and c-axes, respectively. As can been 
seen, α-SnSe possesses a typical double-layered structure,29 which shares the same 
structure with black phosphorus.30 α-SnSe consists of eight atoms in a unit cell.31 The Sn and 
Se atoms are joined with strong heteropolar bonds to form the crystalline layers, consisting 
of two planes of zigzag Sn-Se type chains.31-32 Each Sn atom is bonded to three neighboring 
Se atoms and each Se atom is also bonded to three neighboring Sn atom. The adjacent 
layers are mainly bound to each other with a combination of van der Waals forces and a long-
range electrostatic attractions.31, 33 
 
Figure 2.5 (a) Unit cell of α-SnSe and crystal structure along (b) a-axis, (c) b-axis, and (d) c-
axis. 
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High temperature β-SnSe (~800 K < T < 1134 K) has an orthogonal structure with lattice 
parameters of a = 4.31 Å, b = 11.71 Å, and c = 4.42 Å and a space group of Cmcm (#63).34 
Figure 2.6(a) shows the atomic structure of β-SnSe in a unit cell, and Figure 2.6(b-d) show 
the projected crystal structure of β-SnSe viewed along the a-, b-, and c-axes, respectively. 
Similar to α-SnSe, β-SnSe has a typical double-layered structure. Sn and Se atoms are joined 
with strong heteropolar bonds. Different from α-SnSe, β-SnSe has a higher crystal symmetry. 
When cooling from β-SnSe to α-SnSe, a phase transition occurs at ~800 K, as well as a 
transformation of crystallographic axes. 
 
Figure 2.6 (a) Unit cell of β-SnSe and crystal structure along (b) a-axis, (c) b-axis, and (d) c-
axis. 
2.2.3 Anharmonic Bonding 
As a property of lattice vibrations, anharmonicity affects the heat transportation in SnSe 
structure. The anharmonic bonding between Sn and Se is one of the most important features 
of the SnSe crystal structure, which is the key factor for the obtained ultralow κ of SnSe.35 
To illustrate the anharmonicity in the SnSe crystal structure, Figure 2.7(a) shows the 
relationship between harmonicity and anharmonicity,1, 36 where Ф(r), a0 and r are the potential 
energy, lattice parameter, and distance between two adjacent atoms, respectively. For 
harmonicity, during the transport of a phonon, if an atom is forced to deviate from its 
equilibrium position, the applied force is proportional to its displacement.1 The proportionality 
of this relationship is referred as the spring constant (or stiffness).1 The harmonicity shows a 
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balanced phonon transport.1 On the other hand, anharmonicity represents that the applied 
force is no longer proportional to the displacement when an atom is under a force. As shown 
in Figure 2.7(a), the anharmonicity is the deviation from a linear relationship between the 
displacement and restoring force, showing an imbalanced phonon transport.37-38 High 
anharmonicity therefore results in enhanced phonon – phonon scattering and in turn reduces 
κl. 
 
Figure 2.7 (a) Schematic diagrams of harmonicity and anharmonicity, and (b) resonant 
bonding in SnSe. Here Ф(r), a0 and r are the potential energy, lattice parameter, and distance 
between two adjacent atoms, respectively. Reproduced with permission.36 Copyright 2016, 
RSC Publishing. 
 
It should be noted that in real materials, all bonds are anharmonic, but the degree of 
anharmonicity varies from different materials.1, 39-43. To verify the strength of anharmonicity, 
the Grüneisen parameter γ is used, which can be described as follows:44 
𝛾 =  
3𝛽𝐵𝑉𝑚
𝐶𝑣
        (2-20) 
where β is the volume thermal expansion coefficient, B is the isothermal bulk modulus, Vm is 
the molar volume, and Cv is the isochoric specific heat per mol, respectively. γ = 0 when the 
crystal is fully harmonic bonded, and large γ value represents a strong phonon scattering. 
For SnSe, the average γ values of SnSe along a-, b- and c-axes are 4.1, 2.1, 2.3, 
respectively.16 As can be seen, the γ values along the three different axes are different, 
indicating that SnSe possesses strong anharmonicity, which is the key reason for giving rise 
to an ultralow 𝜅 of SnSe, especially along the a-axis.38, 45 Besides, the large γ values of SnSe 
21 
 
reflect the unique crystal structure. It was reported that by using the Grüneisen theory, first-
principles calculations indicated that bulk SnSe possesses negative Possion’s ratio, similar 
to other two-dimensional (2D) systems, such as black phosphorus,46 2D SnSe and 
phosphorene.47 
Figure 2.7(b) illustrates the resonant bonding of the highly distorted SnSe7 polyhedra caused 
by the long pair of Sn2+.36 In the SnSe7 polyhedra, one Sn atom is surrounded by seven Se 
atoms, which exists unbalanced forces around the Sn atom caused by four long Sn-Se bonds 
and three short Sn-Se bonds. In this regard, SnSe possesses a soft lattice. Along b- and c-
axes, the Sn-Se bond length cannot change directly if the mechanical stress was applied. 
Along the a-axis, the weaker bonding between SnSe layers can provide a good stress buffer, 
thus dissipating phonon transport laterally.1, 48 Such a unique crystal structure may induce an 
ultralow κl along the a-axis. Other studies showed that via heat capacity measurements, two 
characteristic vibrational energy scales in SnSe were revealed, which were corresponding to 
hard and soft substructures.49 These distinct substructures derived from the strong bond 
divergence in SnSe, and the soft substructure was largely responsible for the thermal 
transport, which was consistent with the strong Umklapp scattering and low κ values 
observed in SnSe.49 
2.2.4 Phonon Scattering Effect 
As discussed above, the ultralow κ of SnSe mainly derives from the layered crystal structure 
and strongly anharmonic bonding.50 However, phonon scatterings also frequently occur at 
grain boundaries and lattice defects, such as point defects and dislocations,24, 51-53 especially 
in polycrystalline materials. Phonon scattering effects have been used as powerful tools to 
strengthen the scattering of phonons during transportation, in turn further reduce κl.54-60 
Figure 2.8 illustrates the main potential phonon scattering effects occurring in polycrystalline 
SnSe materials. In polycrystalline SnSe materials, potential phonon scattering sources 
include point defects, dislocations, precipitates, and grain boundaries.61 
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Figure 2.8 Schematic diagrams of phonon scattering effects occur in SnSe. 
 
Point defects (include atom vacancies and substitutions) belong to atomic scale, dislocations 
and precipitates belong to nanoscale, and grain boundaries belong to sub-microscale.61 To 
understand the phonon scattering effect by point defects, combined experimental 
measurements and computational modelling showed that the induced extended strain fields 
on point defects result in extra phonon scattering in SnSe-based thermoelectric materials.62 
The strength and extent of the induced strain fields depend strongly upon defect chemistry.62 
Besides, the existence of strain fields can obviously distort the SnSe crystal structure and 
further enhance the anharmonicity.62 By alloying with barium (Ba), the strain fields cause 
large shifts in the equilibrium positions of atoms, which is up to 0.5 Å.62 Thus, introducing 
point defects was an effective method for the design and optimization of SnSe-based 
thermoelectric materials.48, 63-64 
Apart from the point defect scattering, dislocation and grain boundary scatterings also have 
obvious influence on reducing κ.61, 65-66 These dislocations and grain boundaries can induce 
extended strain fields and in turn result in strong phonon scatterings.61 For the fundamental 
principles, the phonons cover a broad spectrum of frequency f, and κl can be expressed as a 
sum of contributions from different frequencies:67-68 
κl = ∫ 𝜅𝑠(𝑓)𝑑𝑓        (2-21) 
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where κs(f) is the spectral lattice thermal conductivity,69 and can be described as:69 
𝜅𝑠(𝑓) = 𝐶𝑝(𝑓) × 𝑣
2(𝑓) ×  𝜏(𝑓)    (2-22) 
where Cp(f) is the spectral heat capacity of phonons, v(f) is the phonon velocity, and 𝜏(f) is 
the scattering time. It is well known that phonons in all crystalline materials are scattered by 
other phonons through Umklapp scattering,69 follow the relationship of 𝜏U-1 ~f 2. The Debye 
approximation for phonons has a relationship of Cp(f) ~f 2. Combining this with the former one 
gives κs(f) = constant. This leaves a wide range of phonon frequencies where all frequencies 
contribute to κ. Point defects scatter mostly high-frequency phonons (𝜏P-1 ~f 4), and grain 
boundaries scatter mostly low-frequency phonons (𝜏B-1 ~f 0).69 However, most of the 
remaining heat-carrying phonons have intermediate frequency around 0.63 THz. These 
phonons avoid scattering from boundaries and point defects. Instead, the dislocations target 
to scatter the mid-frequency phonons with both dependences of 𝜏D-1 ~f and 𝜏D-1 ~f 3, which is 
between those for point defect and boundary scattering.67-68 Thus, dislocations play a 
dominant role in phonon scattering effects. Because dislocations always distribute at grain 
boundaries,69 in order to increase the density of grain boundaries, nanostructuring has been 
widely used to realize a high-density of grain boundaries and dislocations.70-75 Besides, liquid 
sintering has also been demonstrated to be useful for further increase the amount of 
dislocations embedded in grain boundaries.69 
In terms of the precipitates, it has been found that the formation of nanoprecipitates within 
the grains can drastically decrease κl due to the phonon scatterings caused by these 
precipitates.1, 6, 61 However, it is important to produce appropriate precipitates with suitable 
size and/or amount during the fabrication, the misuse of precipitates may cause a decrease 
of electrical performance, as well as a weak mechanical property. 
2.2.5 Mechanical Properties 
For polycrystalline SnSe, the mechanical properties, including compressive strength, bending 
strength, hardness, fracture toughness, fracture strength, and thermal shock resistance, all 
exhibits values that are comparable to those reported for other state-of-the-art thermoelectric 
materials. The compressive strength and bending strength of the as-synthesized 
polycrystalline SnSe were 74.7 MPa and 40.6 MPa,76 respectively. The hardness values 
measured using Vickers indentation method77 at a load of 0.98 N with a dwell time of 10 s 
was found to be 0.27 ± 0.05 GPa. Such a relatively low hardness value of SnSe was attributed 
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to the brittle nature of SnSe. The fracture toughness KIC was found to be 0.76 ± 0.05 MPa 
m1/2, measured by scanning electron microscopy (SEM) on the crack lengths of SnSe.28 This 
value is comparable to the other commercial thermoelectric materials, such as PbTe and 
Bi2Te3.78-79 The compatibility factor of the as-synthesized SnSe was found to be 0.68 at 773 
K.28 Because compatibility factor for any given material should be less than 2 to ensure a 
better power output, the value of 0.68 is also comparable to the other thermoelectric materials, 
such as Cu2Se and half-hausler alloys.80-81 
The thermal shock resistance is another essential parameter during the actual operation of 
the device. The temperature gradient between the hot and cold ends of the thermoelectric 
device legs can lead to material failure due to the internal mechanical stress caused by the 
temperature gradients.82-84 The thermal shock resistance parameter (RT) of SnSe was found 
to be ~252 ± 9 W m-1,28 which is much higher than those of most state-of-the-art 
thermoelectric materials.85 Therefore, SnSe is a good candidate for the application in 
thermoelectric devices. 
2.2.6 Oxidation 
During the synthesis process of SnSe, it is essential to avoid oxidation occurring on the 
surface of SnSe to secure a pure phase. Besides, for the applications of SnSe-based 
thermoelectric materials, it is also important to avoid oxidation due to the fact that the oxidized 
product may seriously affect the properties. Figure 2.9(a-b) show high angle annular dark 
field (HAADF) images of the surface structure of oxidized SnSe,86 indicating that two different 
layers formed from the surface of SnSe after oxidation in air at room temperature for ~24 h. 
To study the composition of these layers, EDS mapping was used. Figure 2.9(c-e) show the 
corresponding EDS mappings of Se, Sn, and O, respectively.86 Clearly, the thin amorphous 
oxide layer was predominantly SnO2, and the second amorphous layer was Sn1-xSe alloy.86 
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Figure 2.9 HAADF and EDS mappings of the SnSe oxidized (100) surface: (a-b) HAADF 
images, where (b) is from the green squared region in (a), and (c–e) corresponding EDS 
mappings of Se (green), Sn (red), O (cyan), respectively.86 
 
Previous studies indicate that the oxidation can seriously damage the thermoelectric 
performance of SnSe and result in a high κ, resulted from the oxidation products, mainly 
SnO2.36 Various experiments showed that SnO2 possesses a much higher κ than SnSe 
(about 60 times of single SnSe).87-90 Because the ZT values of SnSe are much higher at high 
temperature, it is important that SnSe-based thermoelectric device should prevent to be used 
in air for long time, and needs to be used under vacuum or with a protective coating such as 
pure Si.91. How to prevent the oxidation of SnSe during the synthesis, measurements, and 
applications needs urgent attention. 
2.3 Computational Advances of SnSe 
SnSe possesses a simple orthorhombic layered crystal structure but a much complex 
electronic structure. Considering that the electronic structure is closely linked to the 
thermoelectric performance (especially for n/p, S, and σ), in this section, the computational 
advances of SnSe are summarized, including its band structure, band gap, density of state 
(DOS), band engineering, and performance evaluation and prediction. 
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2.3.1 Electronic Structure 
In 1990s, optical-absorption measurements found an optical bandgap value of 0.923 eV for 
α-SnSe.92 With the rapid development of computational science and engineering, theoretical 
simulations such as first-principle calculations based on density functional theory (DFT) are 
used to calculate the electronic band structure, as well as the bandgap.93-103 Table 2.2 
summarizes the recently reported data of the bandgap for SnSe and their calculation methods. 
As shown in Table 2.2, different groups reported different values of bandgap for α-SnSe and 
β-SnSe.104-105 The average bandgap of β-SnSe is only roughly half of that of α-SnSe, 
indicating there exists an obvious difference between α-SnSe and β-SnSe. 
 
Table 2.2 A summary of bandgap data of SnSe and calculation methods. 
Structure (Calculated) Bandgap 
(eV) 
(Calculation) Method Year Ref. 
α-SnSe, β-
SnSe 
0.61, 0.39 First-principles density 
functional theory 
2014 16 
α-SnSe, β-
SnSe 
0.829, 0.464 Density functional and many-body perturbation 
theory 
2015 106 
α-SnSe, β-
SnSe 
0.86, 0.355 Full-potential Korringa-Kohn-Rostoker 2015 104 
α-SnSe 0.44 First-principles density 
functional theory 
2015 107 
α-SnSe 0.60 First-principles density 
functional theory 
2015 108 
α-SnSe 0.643 First-principles density 
functional theory 
2012 109 
α-SnSe 0.63 First-principles density 
functional theory 
2017 110 
α-SnSe 0.93 First-principles density 
functional theory 
2017 111 
α-SnSe 0.65 First-principles density 
functional theory with Vienna Ab Initio 
Simulation Package 
2017 112 
α-SnSe 0.78 Ab initio many-body perturbation theory 2015 48 
α-SnSe 0.86 Vienna Ab Initio Simulation Package 2015 50 
α-SnSe 0.60 Vienna Ab Initio Simulation Package 2015 113 
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α-SnSe 0.80 Vienna Ab Initio Simulation Package 2016 28 
α-SnSe 0.935 Full-potential linearized augmented plane 
waves 
2015 114 
α-SnSe 0.69 Full-potential linearized augmented plane 
waves 
2015 115 
α-SnSe - Full-potential linearized augmented plane 
waves 
2015 102 
α-SnSe 0.923 Optical-absorption measurements 1981 92 
α-SnSe 0.86 mBJ method 2015 116 
 
To compare the band structures of α-SnSe and β-SnSe, first-principle calculations based on 
DFT and many-body perturbation theory were used and results are shown in Figure 2.10(a-
b).106 It is of interest to note that both of them have a very complex electronic structure with 
indirect bandgap. The calculated values are 0.83 eV for α-SnSe, and 0.46 eV for β-SnSe, 
respectively.104 For α-SnSe, the position of the VBM is at (0.00, 0.35, 0.00) along the Γ–Y 
direction of the first Brillouin zone, and a local valence-band maximum (VBM1) at (0.00, 0.42, 
0.00) lies within 1 meV lower in energy than the VBM. The conduction-band minimum (CBM) 
is located at (0.33, 0.00, 0.00) along the Γ–X direction. For β-SnSe, both the VBM and CBM 
are located at (0.34, 0.50, 0.00) along the X–A direction. In addition, a VBM1 at (0.00, 0.20, 
0.39) along the Γ –H direction and a local conduction-band minimum (CBM1) at (0.00, 0.54, 
0.08) along the X–H1 direction can be found. Both phases exhibit multiple local band extrema 
near their band edges that need to be considered when evaluating the thermoelectric 
properties for SnSe.106 
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Figure 2.10 Calculated SnSe electronic band structures of (a) α-SnSe and (b) β-SnSe, 
reproduced with permission,106 Copyright 2015, AIP Publishing, and the total and partial DOS 
of (c) α-SnSe and (d) β-SnSe, reproduced with permission,105 Copyright 2016, Springer 
Nature. 
 
As a typical crystalline material, SnSe exhibits multiple extrema in its valence or conduction 
bands. The increase of the local DOS near the Fermi level can greatly enhance S, and in turn 
enhance S2σ.36, 105-106 To study the contribution of each atom to the DOS in SnSe, first-
principles and semiclassical Boltzmann theory were used. Figure 2.10(c-d) show typical 
calculated DOS of α-SnSe and β-SnSe, respectively.105 A finite gap between valence and 
conduction bands can be seen for both α-SnSe and β-SnSe, and the former one is 0.3 eV 
larger than the latter one. The valence band comprises of peaks at ~-7.5 eV and between 0 
and -5 eV. The top of the valence band has major contributions from Se-p and Sn-s while the 
bottom of the conduction band arises from Sn-p and Se-p states. Conduction band mainly 
comprises of Sn-p and Se-p states. Meanwhile, it is obvious that the DOS of α-SnSe is higher 
than that of β-SnSe, indicating that α-SnSe has higher S than β-SnSe. The decrease of the 
DOS from α-SnSe to β-SnSe is mainly due to the decrease of Sn p-states and Se p-states, 
which is the main reason for S decrease in β-SnSe.105 
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2.3.2 Band Engineering 
The induced dopants can produce new chemical or ionic bonding, which in turn alter the band 
structures and bandgaps of the materials,107 and improve the thermoelectric properties to a 
great extent.104 For Na-doped SnSe, Figure 2.11(a) shows its DOS near the Fermi level,108 
which is derived from the s- and p-orbitals of Sn and especially from the p-orbitals of Se. As 
can be seen, the contribution of the Na dopants to the DOS is almost negligible. Figure 
2.11(b) shows the calculated DOS with different Na doping concentrations (namely 1 %, 2 %, 
3 %, and 4 %), from which altered Fermi levels can be seen.108 In particular, the Fermi level 
decreases with increasing the Na content, and the top of the VB remains at ~3.5 eV. 
 
Figure 2.11 Calculated (a) partial DOS for 3 % Na-doped α-SnSe, (b) total DOS of Sn1-
xNaxSe (x = 0, 0.01, 0.02, 0.03, 0.04), and calculated band structures of (c) undoped and (d) 
3 % Na-doped α-SnSe by super cell model. Reproduced with permission.108 Copyright 2015, 
Royal Society of Chemistry. 
 
Figure 2.11(c-d) also show the calculated band structures for undoped and 3 % Na-doped 
α-SnSe using the super cell model, respectively.108 From which, doping with 3 % Na can 
modify the band structure by shifting the Fermi level, as well as flattening the top of the 
valence band, which narrows the bandgap.108 For pristine p-type SnSe, the narrowing of 
bandgap and the shifting of Fermi level into valence band can both contribute to improving p, 
and in turn enhance the electrical transport performance. 
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2.3.3 Performance Prediction 
Decoupling σ and S via tuning n or p through band engineering is a key strategy to improve 
ZT.54, 117 Extensive experiments show that the highest ZT can be approached for the single 
crystal SnSe along the b-axis when p can be optimized within the range of 1019 – 1020 cm-
3.108 To predict the optimized n/p, calculations based on full-potential linearized augmented 
plane waves (FLAPW) method and the semiclassical Boltzmann theory were used.118-119 
Figure 2.12 shows the calculated σ, S, S2σ, and ZT for both n-type and p-type SnSe at 
different n/p values at 770 K (here n and p are unified as n for discussion).114 Figure 2.12(a) 
shows the plots of σ as a function of n, in which along the a-axis, n-type doping has much 
larger σ than that of p-type doping, but along the b-axis, σ of n-type doping is lower than that 
of p-type. Figure 2.12(b) suggests that along the different axes, S are roughly the same for 
both n-type and p-type doping. Therefore, S2σ of n-type doping are much greater than that of 
the p-type doping along the a-axis, and S2σ of n-type doping are lower than that of the p-type 
doping along the b-axis, as shown in Figure 2.12(c). The maximum S2σ of n-type is nearly 
10 times than that of p-type along the a-axis. In order to estimate ZT, the experimental κ 
values were selected.16 Figure 2.12(d) shows that for p-type SnSe, the ZT value is increased 
to 2.2 along the b-axis compared with the experimental value of 1.5 at 750 K when n 
increased to 3.2×1019 cm-3.16 Besides, the roughly estimated maximum ZT value is ~3.1 for 
n-type SnSe along the a-axis at 750 K, corresponding to n = 2.8×1019 cm-3. Although the 
estimated peak ZT = ~3.1 for n-type SnSe may not be very accurate due to not directly 
deduce relaxation time from experimental results,114 it does suggest the potential to further 
enhance the thermoelectric performance of SnSe. 
31 
 
 
Figure 2.12 Calculated n-dependent (a) σ, (b) S, (c) S2σ, and (d) ZT at 750 K. Reproduced 
with permission.114 Copyright 2015, Elsevier Publishing. 
 
The analysis of the doping effect by rigid-band approximation shows that the enhancement 
of the ZT value can be achieved by doping,107 particularly when n/p are in the range of 5×1019 
– 5×1020 cm-3 for both p- and n-type doping. A maximum ZT of ~0.6 at 300 K and ~1.8 at 450 
K can be predicted.107 Calculations based on the semiclassical model incorporating 
nonparabolicity, the two-band Kane model, the Hall factor, and the Debye–Callaway model 
demonstrated that at p = ~3×1019 cm-3, peak ZT values can be predicted to be ~0.5, ~1.5 and 
~2.3 at temperatures of 300, 600 and 900 K, respectively. In fact, ZT = ~1.5 at 600 K can be 
very useful in some practical applications. Calculations based on DFT demonstrated that for 
p-type SnSe at 750 K, when p = ~6×1019 cm-3, peak ZT values can be predicted to be ~1.0, 
~0.6 and ~0.5 along b-, c- and a-axes, respectively; while for n-type SnSe at 750 K, when n 
= ~4×1019 cm-3, peak ZT values can be predicted to be ~2.6, ~1.3 and ~1.0 along a-, c- and 
b-axes, respectively.48 Calculations based on DFT with the FLAPW method also 
demonstrated that for p-type single crystal SnSe at 675 K, the peak ZT values along a-, b- 
and c-axes were ~1.0, ~2.6 and ~1.7 at p of ~6.2×1019, ~3.6×1019 and ~4.1×1019 cm-3, 
respectively.116 The highest ZT value of polycrystalline SnSe at the same temperature was 
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predicted to be 1.86 for p = ~4.2×1019 cm-3 for p-type SnSe.116 Therefore, tuning n/p is very 
important for securing high ZT, and it possesses full potential for both p-type and n-type 
doping for SnSe-based thermoelectric materials. 
2.4 Single Crystal SnSe 
In this section, the single crystal growth techniques, characterizations, and thermoelectric 
performance of SnSe single crystals are summarized. The controversies on the evaluation of 
thermoelectric properties are also discussed in the end. 
2.4.1 Crystal Growth 
To date, there are four main methods to fabricate single crystal SnSe: Bridgman method 
(including Bridgman-Stockbarger method),120-122 direct vapor transport method,123-125 
temperature gradient growth method,126-128 and hydrothermal method (including solvothermal 
method).129-132 Table 2.3 summarizes the fabrication methods of single crystal SnSe reported 
in recent years, where the Bridgman method is abbreviated as B, the Bridgman-Stockbarger 
method as BS, the direct vapor transport method as DVT, the hydrothermal method as HT, 
solvothermal method as ST, and the temperature gradient growth method as TGG.133 Within 
these fabrication methods, HT and ST methods have been frequently applied for the 
fabrication of small-scaled single crystal SnSe, and these small crystals are often used as 
precursors for sintering bulk thermoelectric materials.53, 134-135 
 
Table 2.3 A comprehensive summary on the synthesis of single crystal SnSe. 
Product Atmosphere Pressure 
(Torr) 
T (K) Heating 
(hours) 
Keeping 
(hours) 
Growth 
Method  
Ref. 
Sn0.985Na0.015Se vacuum 10-4 1223 10 6 B 136 
SnSe vacuum 10-4 1223 10 6 B 16 
SnSe - - - - - B 137 
SnSe - - - - - B 138 
SnSe - - - - - B 139 
SnSe vacuum - 1223 - 20 Modified B 140 
Sn1-xRxSe (R = Na, 
Ag) 
argon 3.7×10-6  1273 12  10  Modified B  108 
SnSe vacuum - 1223 - 20 Modified B 141 
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Sn0.985Na0.015Se vacuum 10-4 1223 10 6 Vertical B 142 
Sn0.97Ag0.03Se vacuum 7.5×10-6 1183 - 20 Horizontal B 143 
SnSe vacuum 7.5×10-6 1223 ~0.8 - Horizontal B 144 
SnSe vacuum 10-5 1183 - 24 BS 145 
SnSe vacuum 5×10-5 1234 - 48 BS 146 
SnSe vacuum 10-5 1073 ~13 72 DVT 125 
SnSe vacuum 7.5×10-6 1053 - 170 DVT 147 
SnSe - - - - - DVT 148 
SnSe vacuum 10-5 1053 ~75 168 DVT 124 
SnSe - - - - - DVT 92 
SnSe vacuum 10-6 1173 - 4 DVT 149 
SnSe EDTA - 453 - 168 ST 134 
Sn1-xBixSe vacuum 10-4 1203 90 10 TGG 126 
SnSe1-xSx vacuum - - - - TGG 127 
SnSe1-xSx vacuum <10-4 1233 - 33.3 TGG 128 
 
2.4.2 Characterizations 
For macroscopic SnSe single crystals, to verify the crystal plane of synthetized SnSe crystals, 
X-ray diffraction (XRD) was used.16, 125 Figure 2.13(a) shows a typical α-SnSe cleavage 
plane of (400),16 indicating that α-SnSe crystal is cleaved at the plane that is perpendicular 
to the a-axis. Figure 2.13(b) shows a typical electron back-scattered diffraction (EBSD) 
image on a 1 mm2 surface of α-SnSe crystal,16 indicating homogeneous orientation within a 
large area of sample surface with relatively homogeneous orientation. Figure 2.13(c) shows 
a scanning tunneling microscopy (STM) topographic image obtained from an in-situ cleaved 
(001) surface of SnSe,33 in which a typical Sn vacancy can be seen. Figure 2.13(d) shows a 
high resolution transmission electron microscopy (HRTEM) image of α-SnSe crystal. The 
bottom inset of Figure 2.13(d) is the corresponding selected area electron diffraction (SAED) 
pattern taken along the [011] zone-axis while the top inset is the line profile along the dotted 
line AB in the main panel, which shows the d spacing of (100) atomic planes.16 All this 
information illustrates that such a single crystal is α-SnSe with a space group of Pnma at 
room temperature. 
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Figure 2.13 (a) XRD pattern of SnSe on the cleavage plane and the simulated diffraction 
pattern, (b) EBSD map, reproduced with permission,16 Copyright 2014, Nature Publishing 
Group, (c) STM topographic image obtained from the in-situ cleaved (001) surface of SnSe, 
reproduced with permission,33 Copyright 2016, Elsevier Publishing, (d) HRTEM image with 
bottom inset SAED pattern and top inset line profile along the dotted line AB in the main panel 
showing the d spacing of (100), SAED patterns obtained at room temperature (e) and 820 K 
(f). Reproduced with permission.16 Copyright 2014, Nature Publishing Group. 
 
Figure 2.13(e-f) show the SAED patterns obtained from the same TEM specimen area at 
room temperature and 820 K,16 respectively. As can be seen, at room temperature, α-SnSe 
with a [211]  zone-axis can be seen. When the temperature reached to 820 K, phase 
transformation took place and the resultant β-SnSe crystal showed a [121]  zone-axis. 
Moreover, when the TEM specimen was cooled down to room temperature, the SAED 
patterns transfer again from Figure 2.13(f) to 2.13(e), indicating that the phase transition 
between α-SnSe and β-SnSe is reversible. 
2.4.3 Performance 
Because of the anharmonic bonding of Sn and Se, the thermoelectric properties possess 
totally different values along different axes in single crystal SnSe.16 Figure 2.14 shows the 
main thermoelectric properties (σ, S, S2σ, p, μ, κ, κl, κl/κ and ZT) of SnSe single crystals along 
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the a-, b-, c-axes discussed above.16 It is clear that strong anisotropy can be seen for the 
thermoelectric properties of single crystal SnSe, and the properties possess the same trend 
and show extraordinary performance at high temperature. For σ, as shown in Figure 2.14(a), 
from 300 to 525 K, an obvious decrease showed a metallic transport behavior of σ.16 From 
525 to 800 K, the σ value increased by the function of carrier thermal excitation, which started 
to show a thermally activated semiconducting behavior of σ.16, 150 After that, the σ value 
slightly decreased again due to the phase transition from α-SnSe to β-SnSe. For S, as shown 
in Figure 2.14(b), the peak S values are found between 500 K and 600 K due to the bipolar 
transport occurs.106 Figure 2.14(c) shows the maximum value of S2σ along the b-, c- and a-
axes were 10.1 µW cm-1 K-2, 7.7 µW cm-1 K-2, and 2.1 µW cm-1 K-2 at 850 K, respectively. 
Figure 2.14(d-e) show p and μ values, indicating that an enhanced p (~7.3×1018 cm-3 at 773 
K) derived from the thermal activation contributed to a high σ of ~72.9 S cm-1 and a high S of 
~343.2 μV K-1 at 923 K, and distinct μ along different axes. Figure 2.14(f) demonstrates that 
κ decreased gradually before 800 K, then kept at a low value until 973 K, caused by the phase 
transition from α-SnSe to β-SnSe.16 At room temperature, the κ values were measured as 
0.46 W m-1 K-1, 0.70 W m-1 K-1 and 0.68 W m-1 K-1 along the a-, b- and c-axes, respectively, 
which are much lower than that of the other thermoelectric materials.151-153 To calculate κl 
shown in Figure 2.14(g), κl = κ – κe = κ - LσT, where L is the Lorenz number,154 which was 
approximated to 1.5×10-8 W Ω K-2 in the case of non-degenerate semiconductors limited by 
phonon scattering, such as SnSe.155 In fact, the theoretically calculated minimal κ are slightly 
larger than those from experimental measurements, which could possibly result from the 
value of the L (1.5×10-8 W Ω K-2), which can vary in the range of 1–2.4 ×10-8 W Ω K-2.16 The 
ratio of κl to κ shown in Figure 2.14(h) is up to 65 %, indicating that that κ was dominated by 
lattice phonon transport (κl).16 
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Figure 2.14 Temperature-dependent thermoelectric properties for single crystal SnSe: (a) σ, 
(b) S, (c) S2σ, (d) p, (e) μ, (f) κ, (g) κl, (h) κl/κ and (i) ZT along different axes. The phase 
transformation is pointed out by orange dash line. Reproduced with permission.16 Copyright 
2014, Nature Publishing Group. 
 
Figure 2.14(i) illustrates ZT values of single crystal SnSe along the a-, b- and c-axes. 
Although the ZT values are very high at high temperature, however, they were low before 
800 K, indicating that the ZT value obtained from α-SnSe was much lower than that of β-
SnSe. Considering that the mid-temperature (from 300 K to 700 K) is the most commonly 
used in practical applications, and the mechanical property of β-SnSe is much weaker than 
that of α-SnSe, α-SnSe should possess much better potential for practical application than 
β-SnSe. Thus, it is necessary to further improve the thermoelectric performance of α-SnSe. 
To meet this goal, doping was used to realize p-type or n-type single crystals.108, 136 For p-
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type doping, the dopants used include alkali metals (such as Na),108, 136 and I-B group metals 
(such as Ag).108, 143 For n-type doping, the dopant used was V-A group metals (such as Bi).126 
Most of the dopants were used to substitute Sn positions to tune n or p. Figure 2.15 plots the 
main thermoelectric properties (σ, S, S2σ, κ and ZT) of SnSe single crystals before and after 
doping with different dopants along the b-axis (except doping with 3 % Ag with pink line, 
which is along the a-axis).108, 126, 136, 143 As can be seen, both Na-doped p-type single crystals 
and Bi-doped n-type single crystals have much higher average and peak ZT than those of 
their undoped counterparts in this temperature range. These results indicate that doping is a 
promising method to enhance the thermoelectric performance of α-SnSe, as well as a 
convenient way to realize n-type thermoelectric materials with a high thermoelectric 
performance. 
 
Figure 2.15 Temperature-dependent thermoelectric properties for pure SnSe,16 
Sn0.97Na0.03Se,108 Sn0.97Ag0.03Se,108 Sn0.985Na0.015Se,136 6 % Bi-doped SnSe,126 and 
Sn0.97Ag0.03Se:143 (a) σ, (b) S, (c) S2σ, (d) κ and (e) ZT. (f) Comparison of both average and 
peak ZT between different materials from 323 to 773 K. 
2.4.4 Controversy 
For the reported SnSe single crystals,16 the calculated mass density ρ was only ~5.45 g cm-
3 along the three axes, which was much lower than the theoretical value (6.18 g cm-3), 
indicating a very low relative density (~88 %). In this respect, the observed ultralow κ values 
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may not be intrinsic for fully dense single-crystalline SnSe (chemical ratio is SnSe = 1:1).156 
However, considered that the SnSe single crystal has a strong anisotropy and weak 
mechanical properties which lead to facile cleavage, the crystal can easily be damaged 
during cutting, handling and measurements, and in turn result in a high uncertainty between 
15 % and 20 % for the measured κ.16 In this respect, the calculated low ρ is reasonable. At 
the same time, experiments based on a vertical-Bridgman-grown single crystal SnSe140 with 
a high density (ρ = 6.10 ± 0.05 g cm-3) showed that the intrinsic κ of single crystal SnSe is 
likely significantly higher than that of the reported undoped SnSe single crystals with a density 
of ~88 %.16 The single crystal SnSe with a relative density of 99 % showed that the κ values 
along the a-, b-, and c-axes were 1.2, 2.3, and 1.7 W m-1 K-1 at 300 K, respectively,140 which 
were higher than the values of 0.46, 0.70 and 0.67 along the a-, b-, and c-axes.16 These 
results were consistent with early studies performed on single crystal SnSe (1.9 W m-1 K-1 at 
300 K perpendicular to the c-axis).157 Besides, the single crystal SnSe with a relative density 
of 99 % demonstrated that the 𝜅 values along the a-, b-, and c-axes were all ~1.0 W m-1 K-1 
at 700 K,140 which were higher than the reported results of ~0.24, 0.34 and 0.31 along the a-, 
b-, and c- axes, respectively.16 In this respect, the reported single crystal with a low calculated 
ρ should be at least “SnSe crystal”. 
Although there exist controversies on the intrinsic κ values of single crystal SnSe, it should 
be noted that SnSe-based thermoelectric material is still a promising candidate with full 
potentials for further improving the thermoelectric performance. 
2.5 Polycrystalline SnSe 
Although SnSe single crystals have demonstrated excellent thermoelectric performance due 
to their ultralow κ along the b- and c-axes,16 they suffered from the poor mechanical properties, 
rigid crystal growth conditions, and high cost of their production. Also, the techniques used 
for growing single crystals are limited for industrial scale-up.24 For this reason, SnSe single 
crystals may be difficult to be employed in large-scale practical thermoelectric devices. To 
overcome this challenge, polycrystalline SnSe has become a research topic, and has been 
preliminarily applied into the thermoelectric modules.158 In this section, the synthesis methods, 
characterizations, and three main strategies to further improve the thermoelectric 
performance of polycrystalline SnSe, including texturing, doping, and inclusions, are 
summarized. 
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2.5.1 Fabrication 
Table 2.4 summarizes the synthesis methods with relevant parameters for producing 
polycrystalline SnSe materials. Here, for the synthetic methods of SnSe, melting method is 
abbreviated as M, arc-melting method is abbreviated as AM, annealing is abbreviated as A, 
mechanical alloying is abbreviated as MA, solid-state reaction is abbreviated as SSR, 
combustion method is abbreviated as CM, and aqueous solution is abbreviated as AS; For 
the sintering methods, spark plasma sintering is abbreviated as SPS, hot-pressing is 
abbreviated as HP, cold-pressing is abbreviated as CP, and open die pressing is abbreviated 
as ODP. As shown in Table 2.4, the melting159-161 or solid-state reaction162-164 routes are the 
two most commonly used methods, especially for the melting route. For the arc-melting 
route,25, 165 it is different from the traditional melting route, because the heats for arc-melting 
are provided through an electric arc.166 The precursors are directly exposed to the electric 
arc, and the current in the furnace terminals passes through the charged precursors. In this 
regard, the arc-melting has a much higher heating speed than the traditional melting. 
 
Table 2.4 A summary of the synthesis methods with relevant parameters for producing 
polycrystalline SnSe. 
Product Synthesis Pressur
e (Torr) 
Temper
ature (K) 
Time 
(hour) 
Sintering  Pressur
e (MPa) 
Tempera
ture (K) 
Time 
(min) 
Re
f. 
SnSe M - 1223 24 SPS 50 698, 708 7 24 
SnSe AM - - - - - - - 25 
SnSe M 10-5 1173 18 HP 60 773 20 26 
SnSe M 10-4 1193 2 HP, SPS 55 753 5 27 
SnSe SSR 10-5 773 96 SPS 60 773 2 28 
SnSe M - 1200 12 SPS 60 830-850 - 167 
SnSe HT - 453 12 SPS 45 673 15 51 
SnSe ST - 393, 
413, 433 
12 SPS 50 773 5 53 
SnSe AS - - 2 HP 60 773 20 168 
SnSe M ~7.5×10
-6 
1223 24 HP 600 723 60 169 
SnSe - - - - ODP - - - 170 
SnSe AM - - - - - - - 171 
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Sn0.98Se ST - 503 36 SPS 60 850 5 4 
SnSe ST, A - - - - - - - 172 
SnSe ST - 473 24 HP 50 923 10 
min 
173 
SnSe HT - 423-443 6-12 CP + HP 2 tons 853 - 174 
SnSe - - - - CP, A - - - 175 
SnSe MA - - 20 SPS 30, 60, 
80, 100, 
120 
823 5-10 176 
SnSe CM - - < 1 SPS 50 773 5 76 
Sn1-xNaxSe M < 10-6 1223 12 SPS - 746 20 91 
Sn1-xNaxSe M 7.5×10-5 1253 24 SPS 50 873 5 177 
Sn1-xNaxSe M ~3×10-4 1173-
1223 
6 HP 50 873 7 178 
Sn1-xNaxSe - - - - SPS 40 873 5 179 
Sn1-xNaxSe High 
pressure 
- 1123 0.5 + 1 SPS 70 823 10 180 
Sn1-
xNaxSeClx 
SSR - 1073 10 min Rapid HP 50 ~823 5 181 
NaySn1−xPbx
Se 
M ~10-4 1223 12 SPS 50 ~783 5 182 
SnSe1-xTex SSR - 1023 1 HP 80 - 120 109 
SnSe1-xTex MA (450 
rpm) 
- - 15 SPS 50 793 5 63 
SnSe1-xTex Microwav
e-ST 
- 503 6 SPS 40 873 5 183 
AgxSn1-xSe M, A 7.5×10-5 1253 24 SPS 50 873 5 184 
AgxSn1-xSe M, A - 1200 12 HP 36 800 10 185 
AgxSn1-xSe ST - 413 15 SPS 50 500 5 186 
Sn1-xTlxSe M ~7.5×10
-6 
1223 6 HP 70 673 60 187 
SnSe A - 773 ~72 SPS 60 773 ~10 188 
Sn1-xCuxSe M - 1203 2 HP 6000 1073 3 189 
Sn1-xCuxSe HT - 403 36 SPS 50 693 7 190 
SnSe1-xInx M ≤ 10-5 1223 48 HP 70 850 60 191 
Sn1-xGexSe AM - - - - - - - 192 
Sn1-xGexSe ZM ~7.5×10
-5 
1223 2 HP 60 753 20 193 
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Sn1-xGexSe M - 1203 2 - - - - 194 
KxSn1-xSe MA (425 
rpm) 
- - 5, 8, 
12 
SPS 50 773 5 195 
SnSe M 10-4 1223 8 SPS - 873 5 196 
NaxKySn1-x-
ySe 
MA (425 
rpm) 
- - 5 SPS 50 773 5 197 
ZnxSn1-xSe M ~7.5×10
-6 
1223 24 HP 600 673 60 198 
Sn1-xSe M, A 10-3 1223 24 SPS 50 708 6 199 
Ag0.015Sn0.985
Se 
M - 1273 10, 8 - - - - 200 
Sn1-xSmxSe M - 1203 2 Rapid HP 6000 1073 3 201 
SnSe MA (425 
rpm) 
- - 8 SPS 50 773 5 202 
SnSe0.985Cl0.
015 
M - 1273 10, 8 - - - - 200 
(Cu2Se)1-
x(SnSe)x 
M - 1403 10 SPS 50 923 5 203 
SnS1-xSex M, A 10-4 1223 20 SPS 50 903 7 64 
SnSe-SnS MA (450 
rpm) 
- - 15 SPS 50 903 7 204 
Sn1-xPbxSe HT - 403 36 SPS 50 693 7 205 
(Sn1-
xPbx)0.99Na0.0
1Se 
M, A - 1223 10 SPS 50 873 5 206 
SnTe/Ag0.005
Sn0.995Se 
composites 
M ~7.5×10
-6 
1223 24 SPS 20 673 20 207 
SnSe/C 
composites 
M - 1223 10, 24 HP 600 673 60 208 
SnSe/PbTe 
composites 
M ~7.5×10
-6 
1223 10, 24 HP 600 673 ~96 209 
SiC/SnSe 
composites 
M - 1223 10 HP 50 823 10 210 
SnSe/MoS2/ 
graphene 
composites 
SSR, HT - ~1073 1/6 HP 50 ~823 5 211 
SnSe/MoSe2 
composites 
M ~7.5×10
-7 
1223 24 SPS 50 773 5 212 
Ag0.01Sn0.99S
e1−xSx 
M, A - 1273 24 HP 50 773 30 213 
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Na0.015Sn0.985
Se/CNTs 
composites 
M, A - 1253 24 SPS 50 753 5 214 
SnSe MA (150 
rpm), HT 
- 453 1 HP 50 823 10 215 
SnS0.2Se0.8 MA (450 
rpm) 
- - 12 SPS 50 813, 833 
and 853 
6 216 
SnSe1−x ST - 453 24 - - - - 217 
SnSe1-x M ~3.75×1
0-6 
1273 20 HP 60 923 60 218 
SnSe AS - - 2 HP ~60 773 20 219 
SnSe0.95-
BiCl3 
M ~7.5×10
-6 
1193 1 SPS 55 753 8 220 
SnSe0.95-
PbBr2 
M ~7.5×10
-5 
1193 1 HP 60 753 30 221 
SnSe1-xSx M - 1193 6 HP 50 873 7 222 
Pb1-xSnxSe MA (450 
rpm) 
- - 24 SPS 50 873 5 223 
Sn1-xTixSe, 
Sn0.94-
xPbxTi0.06Se 
MA (450 
rpm) 
- - 6 SPS 50 773 5 224 
Sn1-xXxSe M, A 10-3 1273 18 HP 100 798 45 62 
 
When the melting or solid-state reaction were finished, sometimes the annealing, keeping for 
several days and then cooling down to room temperature,167, 175 followed at the temperature 
below the melting point of SnSe to change the ductility and hardness of the obtained SnSe.225 
Moreover, the annealing can lead to re-alignment of crystalline domains and in turn result in 
the increase in S and σ.175 
Mechanical alloying is a solid-state powder processing technique.226 By blending SnSe 
powder precursors in a high-energy ball mill, it is powerful to produce a homogeneous SnSe 
product. During mechanical alloying, the precursors were milled on a planetary ball mill at an 
appropriate speed for an appropriate time223 by using a stainless steel vessel filled with a 
mixed atmosphere such as Ar and H2 gases. Sometimes, mechanical alloying was also 
treated as a step after melting.178, 210, 222 Experiment showed anisotropy in the grains can be 
achieved by ball milling for 1 minute.178 
In order to obtain bulk SnSe materials, the synthesized SnSe products should be ground into 
powders and then sintered, to realize a polycrystalline structure with high density and a good 
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mechanical property. Because the polycrystalline SnSe fabricated via cold-pressing route 
has demonstrated a poor thermoelectric performance,175 while hot-pressing and spark 
plasma sintering (SPS) have been demonstrated as the two most commonly used sintering 
methods to fabricate polycrystalline SnSe bulk materials. Traditional hot-pressing is a low-
strain-rate powder metallurgy process taken under high pressure, commonly used to produce 
brittle and hard materials.227 For SnSe, hot-pressing can sinter SnSe powder compactly at a 
high temperature and a high pressure (up to 600 MPa).169, 198 
In terms of the SPS technique, it has played a dominant role in the sintering of powder 
compacts with high density at lower sintering temperature compared to conventional sintering 
techniques such as hot or cold pressing.228 It is different from the traditional hot-pressing for 
that the heat generation is internal during SPS process, and the heat is provided by external 
heating elements during hot-pressing. For SnSe, SPS can achieve a very high heating and 
cooling rate (up to 1000 K min-1), resulting in a very fast sintering process (within several 
minutes).76 SPS has the great potential of densifying SnSe powders with high density and 
orientation. After sintering, annealing treatment can be used to re-alignment the crystal 
crystalline domains of SnSe pellets.175 
2.5.2 Feature 
The characterization of polycrystalline SnSe is important to confirm the composition of SnSe 
for both synthesized products (such as powders) and sintered bulks. Within these 
characterization methods, XRD and X-ray photoelectron spectroscopy (XPS) are used to 
analyze the purity and binding structures of SnSe products, and XRD is also used to verify 
the anisotropy of sintered bulks, similar to the case of single crystals. Meanwhile, SEM and 
TEM are frequently used to characterize the morphology and structural information of 
polycrystalline SnSe. Figure 2.16(a-c) shows the high-resolution high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM) images of polycrystalline 
SnSe viewed along the a-, b-,197 and c-axis197 with overlays showing Sn atoms in red and Se 
atoms in blue, respectively. The dashed rectangle indicates the projected unit cell. Figure 
2.16(d) shows an atomic-scale EDS mapping from zone axis of [010],197 confirming the 
arrangement of Sn and Se atoms. For the case of sintered bulks with nanoprecipitates, 
Figure 2.16(e) shows an EBSD phase map of SnSe with grains identified as cubic rock-salt 
phase in red and orthorhombic α-phases in blue,135 and Figure 2.16(f) shows a TEM image 
of SnSe with rock-salt phase with an inserted SAED pattern detected on the grain,135 
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indicating the existence of rock-salt phase of SnSe nanoprecipitates as second phase. 
Experimental and theoretical studies have shown that cubic rock-salt SnSe has an almost 
negligible energy difference from α-phase.229-230 Possible transition from α-SnSe to cubic 
SnSe phase will occur due to a strong correlation between the lattice constants of 
isostructural and chemically analogous cubic phase and α-phase. Recent studies showed 
that the cubic rock-salt SnSe can be induced by microstructure control.231 
 
Figure 2.16 (a) High resolution HAADF-STEM images of SnSe viewed along (a) a[100], (b) 
b[010], and (c) c[001] with overlays showing Sn atoms in red and Se atoms in blue, (d) 
atomic-scale EDS mapping from zone axis [010], reproduced with permission,197 Copyright 
2017, ACS Publications, (e) EBSD phase map of SnSe with grains identified as Fm3m cubic 
rock-salt phase in red and Pnma orthorhombic phases in blue, (f) TEM image showing rock-
salt structured SnSe with inserted SAED pattern measured on the grain, reproduced with 
permission,135 Copyright 2017, RSC Publishing, (g) HRTEM images of sintered SnSe pellet, 
reproduced with permission,52 Copyright 2016, Elsevier Publishing, (h) HRTEM images of 
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stripes with inserted corresponding inverse fast Fourier transform (IFFT) images of the 
dashed red rectangles, reproduced with permission,200 Copyright 2017, John Wiley and Sons, 
(i) TEM image of sintered SnSe with preferred orientation along (400) and nanophase SnTe, 
reproduced with permission,207 Copyright 2016, Elsevier Publishing. 
 
TEM is a powerful tool to determine the nature of crystal defects. Figure 2.16(g) is a HRTEM 
image taken from a sintered SnSe pellet,52 and shows nanosized grains with disordered 
atomic planes with dislocations (marked by dashed circle) and lattice curvatures (marked by 
dashed line).52 For doping with other elements (such as Na177 and Ag185), Figure 2.16(h) 
shows a HRTEM image of Ag-doped SnSe,200 from which a dark area was observed to be 
predicted to be amorphous. In terms of incorporating with other compounds (such as SnTe), 
Figure 2.16(i) shows a TEM image of the boundary of two phases for SnSe and SnTe.207 It 
is clear that TEM is useful to characterize nanoprecipitates and their boundaries with SnSe.135, 
195 
2.5.3 Texturing 
Similar to single crystals, the sintered polycrystalline SnSe shows significant anisotropy.26 
Extensive experiments showed that the anisotropy became stronger when texturing was 
applied in the undoped polycrystalline SnSe,4, 24, 26, 167 leading to a better thermoelectric 
performance measured along the ⊥ direction (perpendicular to the sintering pressure) than 
that measured along the // direction (parallel to the sintering pressure). This is because that 
along the ⊥ direction, most of the grains were arrayed along the b- or c-axes,4, 24, 26, 167 
resulting in higher σ and higher S2σ. 
It has been found that the thermoelectric performances obtained from different texturing 
methods are different. For the cold-pressing route, thermal annealing can influence both the 
microstructure and the thermoelectric properties via re-alignment of crystalline domains,175 
which has increased both S and σ. However, it was hard to achieve high ZT via cold-pressing 
due to the high electrical resistivity,175 which derived from low σ.175 Combined cold-pressing 
with annealing,175 a maximum ZT of ~ 0.1 was achieved, which was still very low. 
In the case of hot-pressing, through the combination of traditional melting, a highly textured 
polycrystalline SnSe ingot was obtained, and a maximum ZT of 1.1 was obtained caused by 
a obtained high σ of ~61.9 S cm-1 and a high S of ~366.3 μV K-1, and resulting in a high S2σ 
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of ~8.3 μW cm-1 K-2 at 873 K.26 However, κ (~0.66 W m-1 K-1) was very high in this case.26 
Strong anisotropy was found in the sintered ingot due to the high-pressure and long-time 
sintering process. For the case of fusion method combined with ball milling route,169 SnSe 
nanoparticles were sintered into ingot via hot-pressing, and the effect of hot-pressing 
temperatures on the thermoelectric properties was explored. Due to the p optimization, the 
peak ZT value reached 0.73 for samples hot-pressed at 673 and 723 K, indicating that the 
thermoelectric performance can be significantly improved by hot-pressing. 
Although hot-pressing can secure a good quality of sintered bulks, the long-time sintering of 
which can be time-consuming, as shown in Table 2.4. To solve this problem, SPS was 
chosen. For SPS, the heat generation is internal during the sintering process, and a high 
heating or cooling rate can be realized, contributing to a high density at a low sinter 
temperature. As a result, the SPS process is fast, often within a few minutes, to both increase 
the efficiency of sintering and prevent the growth of grains. Thus, SPS has been widely used 
in recent studies based on polycrystalline SnSe thermoelectric materials, and the 
thermoelectric performances were comparable to the hot-pressing one (ZT = ~1.0). For the 
traditional melting and SPS route,24 anisotropic transport properties were observed, and a 
peak ZT of ~0.5 was obtained due to the moderate S2σ (~4.0 μW cm-1 K-2) at 823 K.24 This 
value was still higher than that via the combination of the cold-pressing and annealing 
route.175 However, κ (~0.63 W m-1 K-1) was relatively high,24 which need further optimization. 
When combining the melting, annealing, and SPS route,167 a pure phase with preferred 
orientation along the a-axis was obtained, resulting in strong anisotropic thermoelectric 
properties. Although a low κ (~0.4 W m-1 K-1 at 790 K) was obtained via annealing,167 the low 
p of 1.1×1017 cm-3 resulted in a low σ of ~18.7 S cm-1 and a low S2σ of ~2.7 μW cm-1 K-2 at 
790 K, thus a low peak ZT of ~0.5 was obtained at 790 K. By combining the zone-melting 
with SPS route,27 highly textured structures and strong anisotropic thermoelectric 
performance were obtained with a peak ZT of ~1.0 along the // direction. This derived from a 
high σ of ~49.9 S cm-1, a high S of ~408 μV K-1, and a very high κ of ~0.7 W m-1 K-1 at 873 
K.27 
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Figure 2.17 Temperature-dependent thermoelectric properties for pure polycrystalline SnSe 
prepared by melting + hot-pressing,26 melting + annealing + SPS,167 solvothermal + SPS,4 
zone-melting (ZM) + SPS,27 melting + SPS,24 and cold-pressing + annealing:175 (a) σ, (b) S, 
(c) S2σ, (d) κ and (e) ZT. (f) Comparison of both average and peak ZT of different materials 
from 323 K to 873 K. 
 
Figure 2.17 summarizes the recent obtained temperature-dependent thermoelectric 
properties (σ, S, S2σ, κ, and ZT) for undoped polycrystalline SnSe prepared by different 
texturing routes discussed above. All properties were measured along the ⊥ direction. As can 
be seen, all textured un-doped polycrystalline SnSe presented p-type thermoelectric 
properties. Table 2.5 also summarizes the comparisons of thermoelectric performance for 
undoped polycrystalline SnSe until now. As can be seen, most of the ZT values are low than 
1.5, indicating that new methodologies are highly needed to be developed. 
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Table 2.5 A comprehensive summary on the thermoelectric performance of undoped 
polycrystalline SnSe. The marked (r) in p column means the p values were tested at room 
temperature. 
Produc
t 
Direct
ion 
Synthetic 
Method 
ZT T 
(K) 
σ (S 
cm-1) 
S (μV 
K-1) 
S2σ 
(μW 
cm-1 
K-2) 
Κ (W 
m-1 K-
1) 
ρ (g 
cm-3) 
p cm-3 Ref
. 
SnSe ⊥ M + SPS ~0.5 823 ~31.6 ~355.7 ~4.0 ~0.63 5.93 - 24 
SnSe - AM - 395 - ~660 - 0.1~0
.2 
- 7.95×1015 
(r) 
25 
SnSe - ST + SPS - 300 - ~160 - ~1.4 ~5.9
9 
~1 ×1019 51 
SnSe ⊥ M + A + 
SPS 
~0.5 790 ~18.7 ~379.8 ~2.7 ~0.40 5.92 1.1×1017 (r) 167 
SnSe - M + SPS - 850 ~66.0 ~300 ~6.0 - 6.13 - 28 
SnSe ⊥ M + HP 1.1 873 ~61.9 ~366.3 ~8.3 ~0.66 6.05 4.0×1017 (r) 26 
SnSe ⊥ M + SPS ~1.0 873 ~49.9 ~408.0 ~8.3 ~0.70 6.03 5.25×1017 
(r) 
27 
SnSe ⊥ ST + SPS ~0.6 773 ~28.7 ~339.8 ~3.3 ~0.44 5.87 1.02×1019 
(r) 
53 
SnSe ⊥ CP + A ~0.1 772 ~15.3 ~279.8 ~1.2 ~0.75  - 175 
SnSe ⊥ M + HP 0.73 800 ~64.3 ~322.7 ~6.7 ~0.73 - 5.57×1016 169 
SnSe ⊥ HT + CP + 
HP 
0.54 550 ~13.9 360 ~1.8 ~0.18 - ~2.5×1018 
(r) 
174 
SnSe ⊥ MA + SPS ~0.7 873 ~43.2 ~292.8 3.7 ~0.45 6.14 4.18×1017 
(r) 
176 
SnSe - AM - 625 - 1050 - - - - 171 
SnSe ⊥ ST + HP ~0.8 803 ~16.7 ~346.0 ~2.0 ~0.2 - ~1.75×1019 173 
SnSe ⊥ CM + SPS 0.5 773 ~25.0 ~368.8 ~3.4 ~0.53 ~5.9
9 
3.4×1017 (r) 76 
Sn0.98S
e 
⊥ ST + SPS 1.36 823 72.4 309.9 6.9 0.42 6.09 1.48×1019 4 
 
2.5.4 Doping 
In order to decouple σ, S, S2σ, and κ to realize a high ZT value for polycrystalline SnSe, 
doping is a useful method to tune p via controlling vacancies.52, 63, 109, 177-178, 184-185, 187-188, 191, 
232 Meanwhile, doping can also transfer the polycrystalline SnSe from p-type to n-type 218, 220, 
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222. For p-type doping, the dopants used include alkali metals (Li,196 Na,177-178, 180, 182, 196-197, 
206 and K195-197), II-A group alkali earth metals (Ca,62 Sr,62 and Ba62), I-B group metals (Cu,62, 
188-189 and Ag184-186, 200, 207), II-B group metals (Zn),62, 198 III-A group metals (Al,188 In,188, 191 
and Tl187), IV-A group elements (Ge62, 192-194 and Pb182, 188), VI-A group metalloid (Te),63, 109, 
183 and lanthanides (Sm201 and La202). For n-type doping, the dopants include halogens 
(Cl,219-220 Br,221 and I222), V-A group metals (Bi).220 Sometimes multiple dopants were used, 
such as p-type Sn0.99Na0.01Se0.84Te0.1663 and n-type Sn0.74Pb0.20Ti0.06Se224. Most of the 
dopants were used to substitute Sn sites to tune n or p, while halogens and Te was used to 
substitute Se sites.63, 109 
Because each alkali (such as Li, Na and K) atom has 1 valence electron, and in SnSe, each 
Sn atom has 2 valence electrons, alkali metals are used to achieve p-type doping.177-178, 180, 
182, 195-197, 206 Considering that the alkali metals possess high activity, it is a challenge to dope 
them into SnSe via solution routes such as hydro- or solvothermal method. Thus, melting 
routes are frequently used to realize alkali metal doping. Practically, Na-doping is the most 
frequently used for alkali doping.177-178, 180, 182, 196-197, 206 
Similar to alkali metals, I-B group metals (such as Cu and Ag) have 1 valence electron in 
each atom, so that I-B group metals are also good candidates to realize the improvement of 
thermoelectric performance by p-type doping.62, 184-186, 188-189, 200, 207 Different from alkali 
metals, I-B group metals such as Cu have been demonstrated to be able to dope into SnSe 
system via solution routes.190 Thus, there are more choices for the doping of I-B group metals 
during synthesis process. 
Sn belongs to the IV-A group, and Se belongs to the VI-A group, so that IV-A group elements 
(such as Ge and Pb) can substitute Sn atoms,62, 182, 188, 192-194 and VI-A group elements (such 
as S and Te) can substitute Se atoms during the doping.63, 109 Because of the difference of 
atomic and/or ionic size from Sn and/or Se, these dopants can induce point defects, leading 
to further improvement of the thermoelectric performance of SnSe. Besides, other metals 
such as II-B group metals (Zn) have similar functions and were used to realize the p-type 
doping.62, 198 
In terms of realizing n-type SnSe, because the valence state of halogens (such as Cl, Br and 
I) is -1 in most compounds, and Se in SnSe always present -2, halogens are good candidates 
to tune n and realize n-type doping.219-222 Considering halogens possess high reactivity, 
similar to the alkali metals, they are difficult to be doped into SnSe via solution routes such 
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as hydro- or solvothermal method. Thus, melting routes are frequently used to realize 
halogen doping.219-222 Besides, metals such as V-A group metals (Bi) have +3 in most 
compounds, thus have similar functions to halogens and were used to realize the n-type 
doping by substituting on Sn sites.220 
To summarize, Figure 2.18(a-e) shows the main temperature-dependent thermoelectric 
properties (σ, S, S2σ, κ, and ZT) for undoped24 and doped with 1.5 % Ag,200 1 % (Na, K),197 
1 % Te,183 1 % Ge,193 1 % Zn,198 0.4 % BiCl3,220 and 3 % I222 polycrystalline SnSe as typical 
cases, and the more detailed thermoelectric performances of doped polycrystalline SnSe are 
summarized in Table 2.6. As can be seen, most of the dopants can enhance σ in a wide 
temperature range by tuning n or p, resulting an improvement in S2σ. It should be noted that 
compared with undoped polycrystalline SnSe, most of the dopants can further decrease κ in 
a wide temperature range (between 323 K and 773 K). 
 
Figure 2.18 Temperature-dependent thermoelectric properties for pure24 and doped with 1.5 % 
Ag,200 1 % (Na, K),197 1 % Te,183 1 % Ge,193 1 % Zn,198 0.4 % BiCl3,220 and 3 % I222 
polycrystalline SnSe: (a) σ, (b) S, (c) S2σ, (d) κ and (e) ZT. (f) Comparison of both average 
and peak ZT of different materials from 323 K to 873 K. 
 
In fact, the induced dopants can achieve large quantities of point defects and/or 
nanoprecipitates, which cause strain fields around substituted Sn or Se atoms and/or 
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nanoprecipitates. In this respect, phonon scattering effects can be strengthened, leading to 
decreasing κl.16 Figure 2.18(f) presents a comparison of peak and average ZTs for 
polycrystalline SnSe doped with different dopants, and shows that a peak ZT of 0.98 and an 
average ZT of 0.49 via doped with 1 % K both represent the highest values.195 These results 
indicate that doping is a promising method to enhance the thermoelectric performance of 
polycrystalline SnSe, as well as a convenient way to realize n-type thermoelectric materials 
with a high thermoelectric performance for polycrystalline SnSe. 
 
Table 2.6 A comprehensive summary on the thermoelectric performance of doped 
polycrystalline SnSe. The marked (r) in n/p column means the n/p values were tested at room 
temperature. 
Product Typ
e 
Direc
tion 
Synthetic 
Method 
ZT T 
(K) 
σ (S 
cm-1) 
S (μV 
K-1) 
S2σ (μW 
cm-1 K-2) 
κ (W 
m-1 K-
1) 
n/p 
cm-3 
Re
f. 
Ag0.01Sn0.99
Se 
p // M + A + 
HP 
0.6 750 ~45.9 ~344.1 ~5.4 ~0.6
8 
~3.5×1
018 (r) 
185 
Sn0.99Na0.01
Se0.84Te0.16 
p ⊥ MA + SPS 0.72 773 ~67.4 ~275.0 ~5.1 ~0.5
0 
- 63 
Na0.01Sn0.99
Se 
p ⊥ M + SPS 0.75 823 ~49.6 ~311.1 4.8 ~0.5
3 
1.0×10
19 (r) 
177 
Na0.015Sn0.9
85Se 
p // M + MA + 
HP 
~0.8 773 ~37.9 ~298.8 ~3.4 ~0.3
3 
~2.1×1
019 (r) 
178 
Na0.01Sn0.99
Se 
p ⊥ M + SPS ~0.8 800 ~81.2 ~267.2 ~5.8 ~0.5
0 
~1.5×1
019 
196 
Na0.02Sn0.98
Se 
p ⊥ High 
pressure 
+ SPS 
0.87 798 ~56.4 ~288.8 4.7 0.4 3.08×1
019 (r) 
180 
Na0.005 
K0.005Sn0.99
Se 
p ⊥ MA + SPS 1.2 773 ~34.9 ~374.7 ~4.9 0.32 ~7.2×1
019 (r) 
197 
Na0.005Sn0.9
95SeCl0.005 
p ⊥ SSR + HP 0.84 810 ~79.2 ~228.6 ~4.1 ~0.3
9 
~3.95×
1019 (r) 
181 
Na0.01(Sn0.9
6Pb0.04)0.99S
e 
p ⊥ M + SPS ~1.2 773 ~89.4 ~269.7 ~6.5 ~0.4
5 
~2.8×1
019 
182 
Ag0.01Sn0.99
Se 
p ⊥ M + A + 
SPS 
0.74 823 ~54.8 ~330.9 6.0 ~0.6
6 
1.9×10
19 (r) 
184 
Ag0.03Sn0.97
Se 
p ⊥ ST + SPS 0.8 850 ~90.3 ~266.2 ~6.4 ~0.6
8 
9×1018 
(r) 
186 
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Sn0.995Tl0.00
5Se 
p ⊥ M + HP 0.6 725 ~68.9 ~300.0 ~6.2 ~0.7
5 
- 187 
Sn0.98Cu0.02
Se 
p - M + A + 
SPS 
0.7 773 ~42.4 ~238.6 ~2.4 0.27 1.84×1
020 (r) 
188 
Sn0.97Cu0.03
Se 
p - M + HP 0.79 823 ~35.0 ~325.1 ~3.7 ~0.3
9 
1.57×1
017 (r) 
189 
Sn0.99Cu0.01
Se 
p - HT + SPS 1.2 873 ~35.2 ~310.6 ~3.4 0.2 - 190 
Sn0.99In0.01
Se 
p // M + HP 0.2 823 ~6.53 ~350.0 ~0.8 ~0.3
6 
~2.9×1
017 (r) 
191 
Sn0.9Ge0.1S
e 
p - M - 400 - ~843.2 - ~0.3
9 
- 192 
Sn0.96Ge0.04
Se 
p ⊥ ZM + HP 0.6 823 35.6 ~378.5 5.1 ~0.7 3.36×1
017 (r) 
193 
K0.01Sn0.99S
e 
p ⊥ MA + SPS ~1.1 773 ~18.6 ~421.4 ~3.3 ~0.2
4 
9.2×10
18 (r) 
195 
Zn0.01Sn0.99
Se 
p ⊥ M + HP 0.96 873 ~74.1 ~328.5 8.0 ~0.7
3 
~4.5×1
018 
198 
Na0.01Sn0.99
Se 
p ⊥ M + A + 
SPS 
0.85 800 ~100.4 ~271.5 ~7.4 ~0.5
0 
~6.5×1
019 (r) 
206 
Ag0.015Sn0.9
85Se 
p - M 1.3 773 ~44.7 ~344.0 ~5.2 ~0.3
0 
~8×101
8 (r) 
200 
SnSe0.985Cl
0.015 
p - M 1.1 773 ~25.5 ~399.3 ~4.1 ~0.3
0 
~1×101
7 (r) 
200 
Sn0.97Na0.03
Se 
p ⊥ SPS 0.82 773 ~65.1 ~280.2 ~5.1 ~0.5
0 
~2.2×1
019 
179 
SnSe0.9Te0.
1 
p ⊥ ST + SPS 1.1 800 ~57.4 ~322.8 ~6.0 ~0.4
4 
~1×101
9 (r) 
183 
Sn0.97Sm0.0
3Se 
p - M + HP 0.55 823 ~33.6 ~250.0 ~2.1 ~0.3
2 
~1.27×
1017 (r) 
201 
SnSe-1.0 
wt % LaCl3 
p ⊥ MA + SPS 0.55 750 ~15.6 ~350.6 ~1.9 ~0.2
7 
1.53×1
016 (r) 
202 
SnSe0.9375T
e0.0625 
n ⊥ M + HP - 673 ~3.63 ~-
276.2 
~0.3 - 2.1×10
17 (r) 
109 
SnSe0.95- 
0.4% BiCl3 
n ⊥ M + SPS 0.7 793 ~28.9 ~-
414.0 
~5.0 ~0.6
0 
1.07×1
019 (r) 
220 
SnSe0.95-
3% PbBr2 
n ⊥ M + HP 0.54 793 ~36.0 ~-
360.0 
~4.7 ~0.7
2 
1.86×1
019 (r) 
221 
SnSe0.87S0.
1I0.03 
n // M + MA + 
HP 
~1.0 773 ~10.0 ~-
624.5 
~3.9 ~0.3
0 
3.8×10
16 (r) 
222 
SnSe-Cl 
(0.6%) 
n ⊥ HT + HP - 540 ~9.0 ~-
264.8 
~0.6 - 6.43×1
018 (r) 
219 
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Sn0.74Pb0.20
Ti0.06Se 
n ⊥ MA + SPS 0.4 773 ~14.8 -450 3.0 ~0.5
8 
2.47×1
016 (r) 
224 
 
2.5.5 Inclusions 
Due to the extremely low κ, solid solution, such as SnS–SnSe,64 PbSe–SnSe,206 and SnTe–
SnSe system,233 shows a potential way to optimize thermoelectric performance.64 SnS shows 
analogous band structure and electrical properties with SnSe, making SnSe to be a good 
candidate to form solid solution such as SnS–SnSe system. Besides, the solid solution 
system also exhibited anisotropic thermoelectric performance along the // and ⊥ directions.64 
For PbSe–SnSe, this system can be achieved via hydrothermal route.205 During hydrothermal 
synthesis process, SnSe and PbSe were synthesized together at the same synthesis 
conditions.205 A high S2σ of ~8.9 μW cm-1 K-2 is derived from the induced PbSe phase, and a 
low κ of ~0.25 W m-1 K-1 is attributed to the enhanced phonon scattering at all-scale 
hierarchical architectures (from the nanoscale precipitates to mesoscale grains).205 
Interestingly, S and p were nearly unchanged by Pb substitution, indicating a constant m* and 
an undisrupted VBM.206 
To improve the thermoelectric performance of SnSe, both dopant and inclusion are induced 
in SnSe system and multiple inclusions have been developed.205, 207, 214, 216 To summarize, 
Figure 2.19(a-e) plots temperature-dependent thermoelectric properties (σ, S, S2σ, κ, and 
ZT) for pure SnSe,24 (SnSe)0.8(SnS)0.2,64 0.5 mol % SnTe + Ag0.005Sn0.995Se composites,207 
1 % PbSe + SnSe composites,205 3.2 wt % MoS2/graphene + SnSe composites,211 and 1.5 % 
MoSe2 + SnSe composites,212 as typical cases. Figure 2.19(f) also presents a comparison 
of the peak and average ZTs for polycrystalline SnSe incorporating with different inclusions, 
and shows that a peak ZT of 1.72 presents the highest value via incorporating with 1 % PbSe 
205, and an average ZT = 0.62 presents the highest value via incorporating with 0.5 % mol 
SnTe and doped with 0.5 % Ag 207. Table 2.7 also summarizes the thermoelectric 
performance of polycrystalline SnSe incorporated with different inclusions in more detail. 
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Figure 2.19 Temperature-dependent thermoelectric properties for pure SnSe,24 
(SnSe)0.8(SnS)0.2,64 0.5 mol % SnTe + Ag0.005Sn0.995Se composites,207 1 % PbSe + SnSe 
composites,205 3.2 wt % MoS2/graphene + SnSe composites,211 and 1.5 % MoSe2 + SnSe 
composites:212 (a) σ, (b) S, (c) S2σ, (d) κ and (e) ZT. (f) Comparison of both average and 
peak ZT of different materials from 323 to 873 K. 
 
Table 2.7 A comprehensive summary on the thermoelectric performance of polycrystalline 
SnSe incorporated with other compounds. The marked (r) in n/p column means the n/p values 
were tested at room temperature. 
Product Typ
e 
Direc
tion 
Synthetic 
Method 
ZT T 
(K) 
σ (S 
cm-1) 
S (μV 
K-1) 
S2σ (μW 
cm-1 K-2) 
Κ (W 
m-1 K-1) 
n/p 
cm-3 
Ref
. 
(Cu2Se)0.97(
SnSe)0.03 
p - M + SPS 1.41 823 ~302.4 ~199.2 12.0 ~0.70 9.93
×1020 
(r) 
203 
(SnS)0.2(Sn
Se)0.8 
p // M + A + 
SPS 
0.82 823 ~13.8 ~466.9 3.0 ~0.30 ~3.0
×1017 
(r) 
64 
0.5 mol % 
SnTe/Ag0.0
05Sn0.995Se  
p // M + SPS 1.6 875 ~112.3 ~313.0 ~11.0 0.5 3.99
×1018 
(r) 
207 
1 % 
PbSe/SnSe  
p // HT + SPS ~1.7 873 ~74.8 ~344.9 ~8.9 ~0.55 6.1×
1018 
(r) 
205 
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Sn oxide 
nanopreci
pitates/K0.0
1Sn0.99Se 
p ⊥ MA + SPS ~1.1 773 ~18.6 ~421.4 ~3.3 ~0.24 9.2×
1018 
(r) 
195 
(SnS)0.2(Sn
Se)0.8 
p // MA + SPS 0.64 823 ~26.3 ~332.1 ~2.9 ~0.38 2.1×
1017 
(r) 
204 
3.2 wt % 
MoS2/grap
hene/SnSe  
p ⊥ M + HP 0.98 810 ~70.5 ~258.2 ~4.7 ~0.39 2.49
×1019 
(r) 
211 
1.5 % 
MoSe2/SnS
e  
p ⊥ M + SPS 0.5 773 ~21.8 ~428.3 ~4.0 ~0.64 ~2×1
019 
212 
rock-salt-
type 
SnSe/SnSe  
p // HT + SPS 1.3 850 ~48.6 ~288.5 ~4.0 ~0.26 5.6×
1018 
(r) 
135 
SnSe2/Sn0.
98Se  
p ⊥ M + A + 
SPS 
0.61 848 ~48.3 ~308.6 ~4.6 ~0.64 - 205 
Ag0.01Sn0.99
Se0.85S0.15 
p // M + A + 
HP 
1.67 823 ~25 296.4 ~2.2 0.11 7.6×
1018 
(r) 
213 
2.5 vol % 
SnSe/C 
p ⊥ M + HP 1.21 903 ~100.2 ~310.0 9.6 ~0.72 >1.8
×1019 
208 
1.5 vol % 
SnSe/PbTe  
p ⊥ M + HP 1.26 880 ~94.7 ~301.2 9.2 ~0.64 1.94
×1019 
209 
Na0.015Sn0.9
85Se/CNTs  
p ⊥ M + A + 
SPS 
~0.9
6 
773 ~55.6 ~299.2 ~5.0 ~0.4 ~4×1
019 (r) 
214 
Sn0.995Ag0.0
05S0.2Se0.8 
p ⊥ MA + SPS ~1.1 823 ~53.4 ~315.1 ~5.3 ~0.4 ~2×1
019 
216 
SiC/SnSe  n - M + MA + 
HP 
0.12
5 
300 ~7.3 -581 ~2.5 ~0.6 5.77
×1018 
210 
(PbSe)0.9(S
nSe)0.1 
n - MA + SPS 1.0 773 ~491.1 ~-
183.3 
~16.5 ~1.2 3.5×
1019 
223 
(Sn0.9Se0.87I
0.03)(SnS)0.1 
n // M + MA + 
HP 
~1.0 773 ~16.0 ~-
500.0 
~4.0 ~0.36 3.8×
1016 
(r) 
222 
 
2.6 Unsolved Issues and Opportunities 
In terms of the unsolved issues, for SnSe single crystals, suffered from their poor mechanical 
properties, rigid crystal growth conditions, and high cost of their production, single crystals 
are difficult to be synthesized with a large scale and a high success rate,24 thus it is still 
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restriction for the development of high-performance single crystals and their practical 
application. Besides, further investigations are necessary to solve the controversies on 
whether the ultralow κ values reported of SnSe single crystals16 are intrinsic and their high-
temperature thermoelectric property after phase transition. Furthermore, when doping is 
applied in single crystal SnSe, the inappropriate type and/or amount of dopant may cause a 
failure of the growth of big single crystals, which is still a big problem for the accurate 
thermoelectric evaluations. As for polycrystalline SnSe, it is hard to achieve a very strong 
anisotropy like single crystal because the SnSe powders (grains) are hard to array orderly 
along the uni-axis by sintering, leading to a much lower S2σ than that of the single crystals. 
The effect of doping on polycrystalline SnSe is limited because it is still a challenge to 
optimizing n to achieve a maximized ZT as indicated by theoretical calculation. Last but not 
least, the mechanism of inducing inclusions to further improve the thermoelectric 
performance of polycrystalline SnSe is far to fully understand. 
In this respect, we point out potential strategies to dealing with the challenges for further 
improving the thermoelectric performance of SnSe-based thermoelectric materials and 
summarize in the compass-like diagram of Figure 2.20. Because SnSe single crystals 
possess the highest ZT along b-axis, optimization of fabrication process is highly needed for 
the growth of single crystal with repeatable and trustable quality. In particular, it is urgently to 
find new facile methodology to fabricate high-quality SnSe single crystal for the assembly of 
thermoelectric devices and their evaluations, which will expand the real application of SnSe. 
For polycrystalline SnSe, there are mainly three routes to further increase its thermoelectric 
performance. For the texturing, it is better to synthesize the polycrystalline SnSe with both 
large scale and high crystallinity along b- or c-axis for realization of high anisotropy. Facile 
solve-thermal method has been demonstrated to possess the ability to large-scale fabrication 
of SnSe plates with their lateral dimension of up to hundreds µm along b- or c-axis and 
controllable thickness from several nm to tens of nm.4 After advanced sintering process, a 
very strong anisotropy can be achieved in the products fabricated by solve-thermal method, 
leading to a good thermoelectric performance. Therefore, it is high potential to expanding the 
fabrication research on solve-thermal method. Using nanostructuring to tune grain size of 
polycrystalline SnSe will help to control the density of grain boundary and crystal defects, 
contributing to strengthening the phonon scattering and further reducing κ. Both anion and 
cation doping/or alloying are suitable to optimizing n/p and band structures and in turn 
enhance their thermoelectric properties. 
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Figure 2.20 Compass-like illustration of the ZT enhancement strategies for SnSe-based 
thermoelectric materials. 
 
In particular, four strategies will be highlighted here for the future development of SnSe. The 
first strategy is the combination of band engineering and texturing to maximize the anisotropy 
and S2σ with optimized n/p.184 Second strategy is the combination of band engineering and 
single crystal growth. Both p-type136 and n-type126 doping have showed the potentials to 
improving the thermoelectric performance of single crystals. This is an important way to 
further improve the thermoelectric performance of α-SnSe, as well as realizing n-type doping 
with a high thermoelectric performance. Third strategy is the combination of nanostructuring 
and texturing. Nanograins possess the same axis (along b- and c-axis) via ideal texturing 
process, κ along these axes will have ultralow values, which may be even lower than that of 
single crystals due to the addition of phonon scattering effects occurring at grain boundaries 
and crystal defects. In this respect, a very high ZT can be predicted. Fourth strategy is the 
combination of nanostructuring and single crystal growth. Crystal defects such as point 
defects can be induced into the single crystals to further reduce the κ by strengthening the 
phonon scattering effect. Thus, an ideal SnSe-based thermoelectric material should be 
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described as polycrystalline SnSe composed by nanograins with single-crystal-like 
anisotropy and optimized n/p. 
2.7 Summary 
Compared with other traditional thermoelectric materials, SnSe-based thermoelectric 
materials are highly promising. SnSe consists of light elements and has a very small and 
simple unit cell, which is against the established rules for searching a promising 
thermoelectric material.45 The record high ZT of ~2.6 at 923 K for single crystals along the b-
axis was achieved without optimizing the p,16 resulting in a moderate S2σ of 8.5 μW cm-1 K-2 
at 923 K.16 An ultralow κ of only ~0.35 W m-1 K-1 at 923 K is attributed to the strong 
anharmonicity of chemical bonds in this SnSe layered compound.16 Thus, the finding of SnSe 
was a real breakthrough in the thermoelectric community and has the guidance to exploring 
and designing high-efficiency thermoelectric materials with low κ. 
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Chapter 3 Methodologies 
In this thesis, SnSe single crystals at a microscale are synthesized by solvothermal method 
in experimental oven. After the centrifuging and drying procedure, SnSe powders are 
characterized by XRD, SEM and TEM for analysing their chemical composites, morphologies, 
and crystal structures. SnSe single crystals are then sintered by SPS technique, and the 
thermoelectric properties of sintered SnSe pellets are measured by laser-flash method, ZEM-
3 and Hall equipment. Meanwhile, the SnSe pellets are also characterized by XRD, SEM, 
and TEM for analysing their chemical composites, morphologies, and crystal structures after 
sintering, and XPS is needed when analysing the existence and valence state of dopants. 
3.1 Synthesis Methods 
The SnSe microplates are synthesized by an advanced solvothermal route, and the sintered 
pellets are prepared by a fast SPS method. 
3.1.1 Solution Route 
Hydro- and solvothermal syntheses are effective methods to synthesize SnSe,1-4 such as 
single crystal plates,5-7 and nanobelts.8 In hydrothermal synthesis, SnSe single crystals are 
synthesized in hot water under high pressure. The apparatus for taking hydrothermal 
synthesis is an autoclave (also called steel pressure vessel), in which a nutrient is supplied 
along with water. The autoclaves are put into an oven for chemical reactions under high 
temperature. With increasing the pressure and temperature, the water ions can rapidly 
increase. Under a high pressure (15~20 GPa) and high temperature, the density of water can 
reach 1.7 ~1.9 g cm-3. In this condition, water can be completely dissociated into OH- and 
H3O+ (behaving like a molten salt). Besides, the water viscosity decreases with increasing 
the temperature. In this situation, the mobility of ions and molecules is much higher than 
under normal condition. Many chemical reactions can be carried out in this environment. 
Meanwhile, during the chemical reaction, water is used as a solvent, and the dielectric 
constant is one of the very important properties of water. With increasing the temperature 
and pressure, the dielectric constant of water decreases.9 Therefore, temperature plays a 
dominant role in the dielectric constant of water. In terms of solvothermal synthesis, it is 
similar to the HT synthesis with the only difference of the solvent not being aqueous. In our 
project, the precursor solvent is ethylene glycol. Table 3.1 shows the difference of water and 
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ethylene glycol used by hydrothermal and solvothermal synthesis. Here Mr is the molecular 
weight, mp is melting point, bp is the boiling point, ε is the dielectric constant, μd is the dipole 
moment, and ETN is the solvent polarity. 
 
Table 3.1 Physical parameters of the solvents used in solution synthesis. 
Solvent Mr ρ mp bp ε μd ETN 
Water 18.01 1.000 0 100 80.4 1.94 1.000 
Ethylene glycol 62.07 1.109 -11 199 37.7 2.28 0.790 
 
The merit of solvothermal method is that it does not need very high synthetic temperature 
(normally below 500 K),6, 10 but the synthesized products often have a high quality, which can 
show identical information of crystal structure. In particular, solvothermal method can realize 
precise control of shape, size, and crystallinity of nanostructures by altering the experimental 
parameters, such as the reaction time, temperature, precursor type, solvent type, and 
surfactant type. In this respect, solvothermal method is useful to fabricate nanostructured 
products. Figure 3.1 shows the autoclave, oven, and main procedures of our solvothermal 
route used in this thesis. 
 
Figure 3.1 The autoclave, oven, and main procedures of our solvothermal route used in this 
thesis. 
3.1.2 Sintering Technique 
SPS is a new sintering technique in recent years, it has played a significant role in the 
sintering of powder compacts, contributing to high density at much lower sintering 
temperature compared with conventional sintering techniques such as hot- or cold-
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pressing.11 By SPS, the effects of sintering temperature and pressure on phase composition, 
microstructure, density, and thermoelectric performance of SnSe can be studied. 
The rule of SPS is understandable. During SPS procedure, pulsed direct current (DC) can 
directly pass through the graphite die, as well as the compact powders, in case of conductive 
samples, as shown in Figure 3.2. Joule heating plays a dominant role in the sintering of 
powder compacts and in achieving high density at low sintering temperature.11 Different from 
the traditional hot-pressing, the heat generation is internal during SPS process, and a very 
high heating or cooling rate can be realized. As a result, the sintering process is very fast, 
sometimes only within a few minutes.6, 10, 12-22 
 
Figure 3.2 Basic configuration of SPS (http://sps.fdc.co.jp/whats/whats3.html). 
3.2 Characterizations 
Both powders and pellets of SnSe are characterized by XRD, SEM, and TEM for analysing 
the chemical composites, morphologies, and crystal structures. 
3.2.1 XRD 
XRD is a useful tool to analyse the composition and atomic or molecular structure of 
thermoelectric materials. In terms of the principle, as shown in Figure 3.3, X-ray can be 
considered as waves of electromagnetic radiation, with wavelengths between 0.006 and 2 
nm, generated by striking metal target with high energy electron beam. X-ray can be diffracted 
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when it penetrates through materials which have periodic crystal structure. The famous Bragg 
equation is shown below: 
2dsinθ=na𝜆      (3-1) 
Where θ is the incident angle, λ is the wavelength of X-ray, d is the inter-planar spacing, and 
na is an arbitrary integer. 
 
Figure 3.3 (a) The principle of XRD (https://en.wikipedia.org/wiki/X-ray crystallography), and 
(b) the model of XRD spectrophotometer. 
 
Figure 3.3(b) shows a diagram of XRD equipment. The X-ray gun scans the sample through 
a certain angle range while the X-ray detector collects the diffracted X-ray and generates a 
diffraction spectrum. As the wavelength of X-ray is fixed for each machine, the inter-planar 
spacing can be calculated to identify the composition of materials. In this thesis, XRD is 
frequent used to identify the composition and crystal orientation of both powders and pellets 
of SnSe. 
3.2.2 SEM 
SEM is a powerful tool to characterize the morphologies of thermoelectric materials. In SEM, 
the surface of the sample is scanned by a focused electron beam to generate signals which 
contribute to the formation of the image, as shown in Figure 3.4(a). The size of the interaction 
volume is directly proportional to the energy of the electron beam, which is relevant to the 
accelerating voltage, and inversely proportional to the atomic number of the sample. 
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Figure 3.4 (a) Electron beam penetrates into the sample and generate different signals with 
different information (https://en.wikipedia.org/wiki/File:Electron_Interaction_with_Matter.svg), 
(b) traditional schematic of SEM (https://en.wikipedia.org/wiki/File:Schema_MEB_(en).svg), 
principle of (c) emission of secondary electrons, (d) backscattered electrons, and (e) 
characteristic X-rays from atoms of the sample. 
 
Basically, as shown in Figure 3.4(b), the electron beam is generated from the electron gun 
and accelerated by an anode in SEM. The electron beam is controlled by a condenser lens 
system to tune the beam as desired size and direction. The spot size of the beam is adjusted 
as well to obtain a suitable probe current. Then the electron beam is focused by objective 
lens to scan on the surface of the sample. Detectors collect both the secondary electrons and 
backscattered electrons for the formation of images. The electron beam is usually 
accelerated by a voltage around 1 to 50 kV, and with a diameter of several nanometres. 
When this electron beam hits the surface of the sample, it penetrates and generates an 
interaction volume. 
Secondary electrons (SE) and backscattered electrons (BSE) are used as the signal for 
imaging. In terms of the former one, as shown in Figure 3.4(c), SE are electrons from sample 
atomic electron cloud generated by inelastic scattering, which are with low energy (usually 
0~50 kV) and provide shape contrast of the surface of the sample. Because of the low energy 
of the SE, they are easy to be absorbed by other sample atoms. The SE detected are always 
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from a shallow region (5 to 50 nm from the surface), so they can only produce the image near 
the surface of the specimen. However, detailed information of the surface and the topography 
can be given by SE image. In our project, SE images are always used to characterize the 
morphologies of SnSe products and the surface or fracture of bulk samples. 
BSE are high-energy electrons come from the electron beam, which are back-scattered out 
of the specimen interaction volume by elastic scattering interactions with specimen atoms, 
as shown in Figure 3.4(d). Because light elements (with low atomic number) can backscatter 
electrons more weakly than heavy elements (with high atomic number), and thus appear 
darker in the image, BSE is used to detect contrast between areas with different chemical 
compositions.23 Backscattered electrons can also be used to form an EBSD image, which 
can be used to identify the crystallographic structure of the specimen. BSE can be used to 
test the morphologies of second phase of SnSe powders and the surface of bulk samples. 
EBSD can be used to demonstrate the crystal orientation difference of SnSe. 
Another useful function of SEM is the EDS. Characteristic X-rays (generated from the 
interaction of electrons with the sample) can also be detected in an SEM equipped by energy-
dispersive X-ray spectroscopy or wavelength dispersive X-ray spectroscopy, as shown in 
Figure 3.4(e). EDS are used to estimate the abundance of elements and map the distribution 
in SnSe sample. 
3.2.3 TEM 
When the thickness of sample is lower than hundreds of nanometres, and the acceleration 
voltage is high (100~1000 kV), the electron beam is able to penetrate through and transmit 
the sample, as shown in Figure 3.5(a). The transmitted or forward-scattered electrons can 
be used in image formation in a TEM. 
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Figure 3.5 (a) The schematic outline of a TEM, and (b) the diffraction pattern at the back 
focal plane and the bright/dark field formed by electrons. 
 
The bright field imaging mode is the most common mode of operation for a TEM, as shown 
in Figure 3.5(b). In this mode, the contrast formation is formed directly by occlusion and 
absorption of electrons in the sample. Thicker regions with a higher atomic number will 
present dark, while regions with no sample in the beam path will present bright, which is so-
called bright field.24-25 
In this study, TEM is used to obtain the high-resolution atomic image and diffraction patterns 
of SnSe. The powder sample can be dispersed in ethanol and dropped on the copper grill 
and then can be observed in the TEM. In terms of the characterization of bulk sample by 
TEM, focus ion beam (FIB) and ultramicrotone are often used to cut the bulk sample into 
ultra-thin sheet for observation. As fundamental functions of TEM, EDS is needed to analyse 
the chemical composition of samples, and the electron energy loss spectroscopy (EELS) is 
used to generate an image which provides information on elemental composition, based upon 
the atomic transition during electron-electron interaction.26 
3.3 Property Measurements 
To evaluate the thermoelectric performance of SnSe, a dimensionless ZT is needed 
calculated by:5 
ZT = 
𝑆2𝜎
𝜅
 T = 
𝑆2
𝜅𝑅
 T       (3-2) 
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where σ is the reciprocal of electronic resistivity R, and κ derives from the thermal diffusivity 
D, ρ and specific heat capacity Cp by:5 
𝜅 = DρCp       (3-3) 
In this thesis, we use ZEM-3 (ULVAC JAPAN Ltd.) to measure the electrical properties 
(included the S and R), and use laser flash (LFA 457, the NETZSCH group) to measure D. 
The ρ is measured by Archimedes method. Besides, the n/p and μ are simultaneously 
measured by Hall system. 
3.3.1 Electrical Transport Properties 
The mechanism of S measurement can be described as Figure 3.6 shows. 
 
Figure 3.6 The mechanism of S measurement by ZEM-3. 
 
In a typical S measurement, the thermal voltage (thermal power) is measured by two thermal 
couples under a designed temperature gradient. Under a given temperature gradient, several 
thermal voltages are measured at different temperature. According the definition of S, the 
sloped of the thermal voltage versus the temperature gradient will be the measured S:5 
S = 
∆𝑉
∆𝑇
 = 
𝑉𝑜𝑙.𝑏 − 𝑉𝑜𝑙.𝑎
𝑇𝑒𝑚𝑝.𝑏 − 𝑇𝑒𝑚𝑝.𝑎
     (3-4) 
In terms of the σ, we measure the R and then transfer it to σ by:5 
𝜎 = 
1
𝑅
         (3-5) 
The mechanism of R measurement can be described as Figure 3.7 shows. 
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Figure 3.7 The mechanism of R measurement by ZEM-3. 
 
We use four-terminal (4T) method to measure the R. As shown in Figure 3.8(a), 4T sensing 
uses separate pairs of voltage-sensing and current-carrying electrodes to make more 
accurate measurements than the more usual and simpler two-terminal (2T) sensing, as 
shown in Figure 3.8(b). 
 
Figure 3.8 The mechanism of (a) 4T and (b) 2T. 
 
The R is measured according to Ohm's law:5 
 R = 
𝑉
𝐼
        (3-6) 
3.3.2 Thermal Transport Properties 
The ρ are measured by Archimedes method. For its mechanism, there are:5 
ΔV = V2 – V1 = 
𝑚2−𝑚1
𝜌𝑙
     (3-7) 
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ρ = 
𝑚1
∆𝑉
        (3-8) 
Here ρl is the density of liquid, qualities of m1 and m2 can be measured by the balance, then 
we obtain the ΔV value and calculate the ρ of target materials. 
The Cp are measured by DSC 404 F3 equipment, and the D are measured by laser flash 
method via LFA 457 equipment, both from the NETZSCH group. The mechanism of 
measuring Cp is shown in Figure 3.9. 
 
Figure 3.9 Signal generation in a heat flux DSC. 
 
The Cp measurement is based on the heat flux principle. With this method, a sample and a 
reference are subjected to a controlled temperature program (heating, cooling or isothermal). 
The actual measured properties are the temperature of the sample and the temperature 
difference between sample and reference. From the raw data signals, the heat flow difference 
between sample and reference can be determined. 
For D, the principle of laser flash method is described in Figure 3.10. The lower surface of a 
plane parallel sample (Figure 3.10(a)) is first heated by a short energy pulse (laser). The 
temperature change on the upper surface of the sample is then measured by an infrared 
detector. The typical course of the signals (red curve) is presented in Figure 3.10(b). The 
signal increase will become steeper when the sample’s D is higher. The D can be calculated 
by using sample thickness d and the half time (t1/2, time value at half signal height). 
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Figure 3.10 The mechanism of LFA 457 for the (a) measurement of D and (b) calculation 
method. 
 
3.3.3 Carrier Concentration and Mobility 
Hall coefficient n/p and μ can be measured by the van der Pauw technique, as shown in 
Figure 3.11. 
 
Figure 3.11 The mechanism of Hall effect measured the van der Pauw method: (a) a current 
passes through a semiconductor material, (b) the electrons flow due to the current, (c) the 
electrons accumulate at one edge due to the magnetic field, (d) the resulting electric field and 
Hall voltage. 
 
Van der Pauw technique is developed to measure the properties of a sample of any arbitrary 
shape when the sample is approximately two-dimensional and the electrodes are placed on 
its perimeter. From the measurements, the R of the material, the doping type, the carrier 
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density of the majority carrier and the mobility of the majority carrier can be calculated. When 
a reversible magnetic field was applied, the Hall coefficient can be measured as well. 
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Chapter 4 Achieving High Thermoelectric Performance in p-
type Polycrystalline Sn0.98Se 
4.1 Overview 
SnSe single crystals were reported to have a remarkable high peak ZT of ~2.6 at 923 K along 
its b-axis. However, suffered from the poor mechanical properties and rigid-controlled crystal 
growth conditions, SnSe single crystals are difficult to be employed in real thermoelectric 
devices, and the techniques used for single crystal growth is limited for industrial scale-up. 
To overcome this challenge, polycrystalline SnSe has become a research topic. Even though 
the ZT values of polycrystalline SnSe have been improved from 0.4 to over 1.0, such ZT 
values are still much lower than their single crystal counterparts due to their high κ and low 
σ. Whether polycrystalline SnSe bulk materials can achieve an ultra-low κ, and a relative high 
ZT, like their single crystal counterparts, has been a controversy. 
Herein, we report a record peak ZT of 1.36±0.12 in polycrystalline Sn0.98Se micro-sized plates, 
fabricated via an advanced solvothermal method. The obtained exceptional thermoelectric 
performance comes from their high S2σ of 6.95 μW cm-1 K-2 and ultra-low κ of 0.42 W m-1 K-
1 at 823 K. Through our Hall measurements, we found the high p of 1.5×1019 cm-3 derived 
from the self-doping contributing to a high σ and a moderate S. Moreover, detailed structural 
characterizations reveal a strong preferred orientation in our sintered Sn0.98Se pellets. The 
phonon scattering sources, synergistically coupled with the anharmonicity boding of Sn0.98Se 
crystals with a high density of 98.5 %, result in an intrinsic ultra-low κ. This study provides a 
new perspective to achieve high thermoelectric performance in polycrystalline SnSe 
materials. This work was published in Energy Storage Materials, 2018, 10: 130-138. 
http://dx.doi.org/10.1016/j.ensm.2017.08.014. 
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4.2.1 Abstract 
In this study, we report a record peak figure-of-merit (ZT) of 1.36±0.12 in polycrystalline 
Sn0.98Se macro-sized plates, fabricated via a facile solvothermal method. The obtained 
exceptional thermoelectric performance comes from their high power factor of 6.95 μW  cm-1 
K-2 and ultra-low thermal conductivity of 0.42 W m-1 K-1 at 823 K. Through our Hall 
measurements, we found the high carrier concentration of 1.5×1019 cm-3 derived from the 
self-doping, which contributes to a high electrical conductivity and a moderate Seebeck 
coefficient. Moreover, detailed structural characterizations reveal a strong preferred 
orientation in our sintered Sn0.98Se pellets. The phonon scattering sources such as grain 
boundaries, synergistically coupled with the anharmonicity boding of Sn0.98Se crystals with a 
high density of 98.5 %, result in an intrinsic ultra-low thermal conductivity. This study provides 
a new perspective to achieve high thermoelectric performance in polycrystalline SnSe 
materials. 
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4.2.2 Introduction 
Thermoelectric materials, enabling the direct solid-state energy conversion between heat and 
electricity, offer an alternative solution with full potentials for both power generation and 
refrigeration.1-3 To evaluate the thermoelectric efficiency of a material, its figure-of-merit (ZT) 
is defined as ZT = S2σT/κ = S2σT/(κe + κl), where S, σ, κ, κe, κl, and T are the Seebeck 
coefficient, the electrical conductivity, the total thermal conductivity, electrical thermal 
conductivity, lattice thermal conductivity, and absolute temperature, respectively.3-6 A high 
ZT value requires a high powder factor (S2σ) and a low κ.7 So far, significant efforts have 
been devoted to enhancing ZT through increasing S2σ by resonant state doping,8-9 minority 
carrier blocking,10 band convergence,11-12 and quantum confinement,13-14 and/or reducing κ 
by nanostructuring,4-5 hierarchical architecturing,15-16 and matrix with nanoprecipitates.17-18  
Recently, a remarkable high peak of ZT ≈ 2.6 at 923 K was reported in the p-type SnSe single 
crystals along their b-axis,19 benefited from their ultra-low κ. However, suffered from the poor 
mechanical properties, rigid crystal growth conditions, and high cost of their production, SnSe 
single crystals are difficult to be employed in practical thermoelectric devices, and the 
techniques used for growing single crystals are limited for industrial scale-up.20 To overcome 
this challenge, polycrystalline SnSe has become a research topic. Various methods have 
been explored to fabricate polycrystalline SnSe materials, such as melting20-22 (include arc-
melting),23-24 solid state reaction,25-27 mechanical alloying,28-30 and hydrothermal31-33 or 
solvothermal methods.34 Within these synthesis methods, texturing and doping have been 
the two key approaches used for improving thermoelectric performance, from which the ZT 
values of polycrystalline SnSe have been improved from 0.4 to over 1.0, although such ZT 
values are still much lower than their single crystal counterparts due to their relatively high κ 
and low σ.20-23, 31, 34-39 
Whether polycrystalline SnSe materials can achieve an ultra-low κ, and in turn a high ZT, 
similar to their single crystal counterparts, has been a controversy. On one hand, previous 
studies demonstrated that an ultra-low κ is hard to achieve although the existence of grain 
boundaries and lattice defects in polycrystalline SnSe can further reduce κ through phonon 
scattering.1-3 On the other hand, the κ value determined in SnSe single crystals is not its 
intrinsic value,40-41 while reinvestigation of SnSe single crystals demonstrated a much higher 
κ 41. 
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Since self-doping is an effective approach to further increase the carrier concentration p,42 in 
this study, we fabricate high-crystalline and macro-sized Sn0.98Se plates using an advanced 
solvothermal method, as schematic illustrated in Figure 4.1(a). Compared with other 
synthesis methods, a high p can be achieved by self-doping (Sn0.98Se) via adjusting 
parameters of solvothermal synthesis without resulting in any second phase. Besides, the 
synthesized products are macro-sized single crystal plates with typical crystal morphology, 
which can induce a strong preferred orientation for bulk pellets sintered by spark plasma 
sintering (SPS) technique. In this situation, an ultra-low κ, a high σ and a record high ZT are 
realised in our polycrystalline Sn0.98Se plates. 
 
Figure 4.1 (a) Fabrication process of polycrystalline Sn0.98Se plates and the illustration of 
phonon scattering effect by grain boundaries, (b) an illustration of preparation for Sn0.98Se 
samples with different directions (red for ⊥ and green for // to the sintering pressure) from the 
pellet, (c) Measured ZT values from our pellets (Pellet-1 and Pellet-2), compared with SnSe 
single crystals measured along different axes (black).19 
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4.2.3 Experimental Section 
Single crystal Sn0.98Se plates were solvothermally synthesized using Na2SeO3 (99.99 %), 
SnCl2·2H2O (99.99 %), ethylene glycol anhydrous (99.8 %) and NaOH (99.99 %) as 
precursors (purchased from Sigma-Aldrich Co. LLC). During the reaction, ethylene glycol 
acted as both the solvent and the reducing agent, which can be expressed as:34 
SnCl2·2H2O 
C2H6O2
→      Sn2+ + 2Cl- + 2H2O    (4-1) 
Na2SeO3 
C2H6O2
→      2Na+ + SeO32-     (4-2) 
SeO32- + C2H6O2 
  
→ Se + C2H2O2 + H2O + 2OH-  (4-3) 
and NaOH was used to adjust the environment of solvent (pH), benefited the ion reaction 
of:34 
3Se + 6OH- 
  
→ 2Se2- + SeO32- + 3H2O    (4-4) 
Sn2+ + Se2- 
  
→ SnSe       (4-5) 
To study the effect of strengthened anisotropy on the thermoelectric performance of Sn0.98Se, 
Sn0.98Se single crystals with different size were synthesized. The single crystals with a small 
average size were marked as Product-1, and the single crystals with a large average size 
were marked as Product -2. In a typical synthesis, Na2SeO3 and SnCl2·2H2O were dissolved 
in 45 ml ethylene glycol (EG), and then added 7.5 ml 10 mol L-1 NaOH, kept stirring for 10 
min at room temperature. The solution was then sealed in a 125 ml polytetrafluoroethylene-
lined stainless steel autoclave. The autoclave was heated at 230 °C in an oven, kept for 3 h 
for Product-1 and 36 h for Product-2, followed by naturally cooled to room temperature. The 
synthesized silver-coloured powders were collected by centrifugation and washed by ethanol 
and deionized water for several times before drying in the oven at 70 °C for 12 h.  
To measure their thermoelectric properties, the synthesized products of both Product-1 and 
Product-2 were sintered by SPS (SPS-211Lx, Fuji Electronic Co., Ltd.) at 573 °C for 5 min 
with a pressure of 60 MPa to form disc-shaped pellets with a dimension of Ф = 12.6 mm and 
h = 8.0 mm, marked as Pellet-1 and Pellet-2, respectively. The densities (ρ) of the sintered 
pellets were measured by the Archimedes method,43 the average ρ = 6.11 g cm-3 for Pellet-
1 and 6.09 g cm-3 for Pellet-2 were obtained. The thermoelectric performances of sintered 
pellets were evaluated along two directions that are parallel and perpendicular to the sintering 
pressure (respectively marked as // and ⊥), including σ, S, S2σ, p, carrier mobility (μ), κ and 
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κl. Figure 4.1(b) illustrates the preparation of the samples measured from two orthogonal 
directions for both Pellet-1 and Pellet-2. In our measurements, σ and S were measured 
simultaneously using a Seebeck coefficient/electric resistivity measuring system (ZEM-3, 
ULVAC Technologies, Inc.) under the temperature ranging between 300 and 823 K. The 
thermal diffusivity D was measured using the laser flash diffusivity method (LFA 457, 
NETZSCH Group). κ was calculated using κ = D·Cp·ρ 19, where Cp is the specific heat 
capacity obtained by differential scanning calorimetry (DSC 404 C; NETZSCH Group), and p 
was measured using the van der Pauw technique under a reversible magnetic field of 1.5 T. 
To ensure the repeatability of synthesized products and their demonstrated thermoelectric 
properties, we prepared at least 10 pellets (5 for Pellet-1 and 5 for Pellet-2) and each pellet 
are measured for at least 3 times. 
Both synthesized products and sintered pellets were characterized by X-ray diffraction (XRD, 
Bruker-D8) to determine their crystal structures. The morphological characteristics of both 
synthesized products and sintered pellets were investigated using scanning electron 
microscopy (SEM, JSM-6610, JEOL Ltd.), and their structural and chemical characteristics 
were studied using high-resolution transmission electron microscopy (HR-TEM, TECNAI-
F20). The TEM specimens of sintered specimens were prepared by focused ion beam 
technique (FEI Scios Dual-beam System). The electron probe micro-analyser (EPMA, JEOL 
JXA-8200) was used to determine their compositions. The instrumental error of EMPA is 
0.1 %. For both Product-1 and Product-2, there were 12 test areas for each sample. 
 
4.2.4 Results and Discussion 
Figure 4.1(c) shows the measured ZT of both Pellet-1 and Pellet-2 as a function of T along 
both orthogonal (⊥ and //) directions. Compared with ZT obtained from single crystals along 
different axes,19 our polycrystalline Sn0.98Se pellets demonstrated much higher ZT in the 
temperature range from 300 K to ~ 723 K. For Pellet-1 sintered from small-sized single 
crystals (Product-1), a high ZT of 1.24 along ⊥ direction, and a moderate ZT of 1.01 along // 
direction were achieved at 823 K. For Pellet-2 sintered from large-sized single crystals 
(Product-2), a high ZT of 1.36 along ⊥ direction, and a moderate ZT of 0.91 along // direction 
were achieved at the same temperature. Our obtained peak ZT = 1.36 for pure polycrystalline 
Sn0.98Se pellets shows a record ZT value when compared with previous studies. 
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To understand the extraordinary thermoelectric performance of our polycrystalline Sn0.98Se, 
as well as the difference of ZT measured along two orthogonal directions, we first investigate 
the structural and morphological characteristics of synthesized products. Figure 4.2(a) shows 
the XRD pattern of synthesized products (orange line for Product-1 and blue line for Product-
2) with inserted optical images of synthesized products with features of metallic lustre. All 
diffraction peaks for both Product-1 and Product-2 can be exclusively indexed as the 
orthorhombic structured SnSe with the lattice parameters of a = 11.37 Å, b = 4.19 Å, and c = 
4.44 Å and space group of Pnma (Standard Identification Card, JCPDS 48-1224). No 
secondary phase can be detectable. In Figure 4.2(a), 400* peak is the strongest peak, 
suggesting that synthesized products contain significant {100} surfaces. Figure 4.2(b) shows 
the XRD pattern of synthesized products and indicates that both samples present peak 
deviation to some extent, indicating the self-doping in the synthesized products. Besides, the 
111* peak of Product-1 was much stronger than that of Product-2, indicating that Product-2 
possess much more significant {100} surfaces than Product-1. To confirm this, SEM 
investigations were performed. Figure 4.2(c) is a SEM image of Product-1 and shows that 
the synthesized products have the plate-like morphology with their lateral dimension of up to 
30 µm in average. The inserted image in Figure 4.2(c) is a zoom-in SEM image taken from 
a typical Sn0.98Se plate, from which the thickness of the plate can be estimated as ~ 3 µm. 
For Product-2, Figure 4.2(d) also shows that the synthesized products possess the same 
plate-like morphology as Product-2, but their lateral dimension were up to hundreds µm, 
much larger than that of Product-1. Inserted image of Figure 4.2(d) also shows a zoom-in 
SEM image taken from a typical Sn0.98Se plate, from which the thickness of the plate can be 
estimated as ~ 5 µm. Compared with previous studies of polycrystalline SnSe,34, 44 our size 
is much large. To identify the possible facets of our Sn0.98Se plates, we study its crystal 
structure.34, 44 Figure 4.2(e) is a structural model of SnSe crystal viewed along the -b-axis 
and shows that the SnSe structure has a typical double-layered orthorhombic crystal 
structure45 and the adjacent Sn-Se layers are mainly bound to each other along the a-axis 
with a combination of van der Waals forces and a long-range electrostatic attractions,46 
indicating that the {100} planes are weakly bounded, so that they are the preferred surfaces. 
This result also confirmed that Product-2 possess much more significant {100} surfaces than 
Product-1. To determine the composition of our synthesized plates, EPMA was used to 
statistically analysis and the statistical results show that Sn:Se = 49.5:50.5 ± 0.4 for both 
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Product-1 and Product-2, suggesting the ratio of Sn and Se as 0.98:1. Therefore, we defined 
our synthesized products as Sn0.98Se plates. 
 
Figure 4.2 (a) XRD pattern of synthesized products (blue line for Product-1 and orange line 
for Product-2) with inserted optical image of synthesized products, (b) Magnified XRD pattern 
of synthesized products to see the peak deviation, SEM image of synthesized products with 
inserted SEM image shows a typical plate for (c) Product-1 and (d) Product-2, (e) atomic 
model of SnSe crystal, viewed along the - b-axis., (f) TEM image of a typical Sn0.98Se plate, 
(g) corresponding HR-TEM image and (h) corresponding SAED pattern taken from the 
Sn0.98Se plate shown in (f). 
 
To understand the structural characteristics of individual Sn0.98Se plates, TEM investigations 
were performed. Figure 4.2(f) is a TEM image taken from a typical Sn0.98Se plate from 
Product-1 laid perpendicular to the electron beam. The exterior of plate showed rough crystal 
95 
 
information. The corner of this plate has a thin area allowing to take HR-TEM images and 
selected area electron diffraction (SAED) patterns. Figure 4.2(g-h) are the corresponding 
HR-TEM image and the SAED pattern taken along the [100] zone-axis of the plate, indicating 
typical orthorhombic structure of SnSe. 
To measure the thermoelectric properties of our Sn0.98Se plates, we sintered them into disc-
shaped pellets using SPS. As mentioned above, the density of our Sn0.98Se pellets were 
measured as 6.11 g cm-3 for Pellet-1 and 6.09 g cm-3 for Pellet-2, both representing more 
than 98.5 % of the theoretical density of SnSe (6.18 g cm-3).47 This value is much higher than 
the reported value found in SnSe single crystals (~5.43 g cm-3).40-41 Such a high density of 
our Sn0.98Se pellets must be attributed to our well-sintered plates with a very low density of 
voids. Since Product-2 possess much larger lateral sizes (average of ~100 μm or larger) than 
that of Product-1 (average of ~30 μm), we anticipate that Product-2 are easier to be stacked 
layer-by-layer to form a disc-shaped pellets under the high pressure (60 MPa) during sintering, 
which means that Pellet-2 should possess much stronger anisotropy than Pellet-1. To confirm 
this point, XRD measurements were performed on samples cut along two orthogonal 
directions from both Pellet-1 and Pellet-2. Figure 4.3(a) is typical XRD results and shows 
that for both Pellet-1 and Pellet-2, the samples cut along the ⊥ direction show a strong 400* 
peak, similar to the XRD pattern taken from plates (refer to Figure 4.2(b)). In contrast, the 
samples cut along the // direction shows a weak 400* peak, but a strong 111* peak. Moreover, 
the peak widths measured from the // direction are much broader than those taken from the 
⊥ direction, demonstrating that the high aspect ratio of our synthesized plates. Compare with 
the XRD results of Pellet-1 and Pellet-2, it was obvious that the 111* peak of Pellet-1 was 
much stronger than that of Pellet-2 along the ⊥ direction, and the 400* peak of Pellet-1 was 
also stronger than that of Pellet-2 along the // direction, both indicating that Pellet-2 possess 
much stronger anisotropy than Pellet-1. 
96 
 
 
Figure 4.3 (a) XRD patterns of sintered Sn0.98Se pellets (both Pellet-1 and Pellet-2) 
measured along both the ⊥ (red line) and // (green line) direction, (b) HR-TEM image of Pellet-
1, (c) SEM image of Pellet-1 and (d) Pellet-2 surfaces polished along the ⊥ directions, (e) 
SEM images of Pellet-1 and (f) Pellet-2 surfaces fractured from the ⊥ directions, and (g) SEM 
images of Pellet-1 and (h) Pellet-2 surfaces fractured from the // directions. 
 
To understand the morphological, structural and chemical characteristics of Sn0.98Se pellets, 
SEM was employed to investigate the morphology of both polished and fractured surfaces, 
and TEM was used to characterize the structural information. Figure 4.3(b) is a HRTEM 
image taken from a typical Sn0.98Se pellet from Pellet-1 and the inserted SAED pattern taken 
along the [001] zone-axis of the pellet, indicating typical orthorhombic structure of SnSe. 
Figure 4.3(c-d) are SEM images of polished surfaces from Pellet-1 and Pellet-2 respectively, 
and show the flat surfaces without observable flaw, indicating that our sintered pellets have 
high compact. Figure 4.3(e-f) are SEM images of Pellet-1 fractured along both ⊥ and // 
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directions to the SPS pressure respectively, from which distinct fracture features confirm the 
sintered pellets containing a preferred orientation. To compare, Figure 4.3(g) and 4.3(h) are 
SEM images of Pellet-2 fractured along both ⊥ and // directions to the SPS pressure 
respectively, from which larger grain size was observed, and the much more distinct fracture 
features confirm the sintered pellets containing a strengthened anisotropy. 
To understand the thermoelectric properties of our Sn0.98Se pellets, σ, S, S2σ and κ along 
two orthogonal directions were measured and calculated for the temperature range between 
300 and 823 K. Based on our measurements from different pellets, good repeatability of our 
Sn0.98Se for the measured properties is achieved with fluctuations of σ, S and κ being 10 %, 
2 % and 5 %, respectively. Figure 4.4(a) shows measured σ⊥ and σ// as a function of T for 
both Pellet-1 and Pellet-2. The distinct plots of σ⊥ and σ// indicate a strong preferred 
orientation with σ⊥ > σ// over the entire temperature range. Since σ// reflects the electric 
conductivity parallel to the a-axis where carriers need to overcome the van der Waals forces 
between the stacked Sn-Se layers to participate the transportation,19 low σ// values are 
expected. Compared to the results obtained from SnSe single crystals with different axes19 
(also plotted in Figure 4.4(a) for comparison), the σ values obtained from our sintered pellets 
have been greatly enhanced in the temperature range from 300 to 723 K, in which a maximum 
of σ⊥ = 150 S cm-1 was obtained at ~ 323 K for Pellet-2. Compare with the results between 
Pellet-1 and Pellet-2, it is obvious that stronger anisotropy can result in a much more distinct 
result of σ⊥ and σ//, and a high σ⊥ = 72.4 S cm-1 at 823 K was achieved from Pellet-2. 
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Figure 4.4 Plots of measured properties from our Sn0.98Se pellets (both Pellet-1 and Pellet-
2) as a function of T for (a) σ; (b) S; (c) S2σ; (d) D; (e) Cp and (f) κ. The relevant properties of 
SnSe single crystals19 are also plotted for comparison. 
 
Figure 4.4(b) shows measured S// and S⊥ as a function of T for both Pellet-1 and Pellet-2, in 
which no obvious difference between S// and S⊥ indicates that the preferred orientation does 
not affect S much, similar to the case of SnSe single crystals19 (also plotted in Figure 4.4(b) 
for comparison). It is of interest to note that the peak S values found in single crystals are 
different with our peak S values. In the case of SnSe single crystals, peak S values are found 
between 500 K and 600 K due to the bipolar transport occurs,48 while our peak S values are 
both at ~ 723 K. Calculations demonstrated that with the p increases, the onset of bipolar 
transport should occur at higher temperatures than experiment of single crystal,48 which 
indicates our Sn0.98Se have a higher p than single crystals.49 Figure 4.4(c) shows determined 
(S2σ)// and (S2σ)⊥ as a function of T for both Pellet-1 and Pellet-2 with data obtained from 
single crystals for comparison. For the case of Pellet-2, due to the significant difference 
between σ⊥ and σ// and σ⊥ > σ//, as well as no obvious difference between S// and S⊥, (S2σ)⊥ > 
(S2σ)// is expected with (S2σ)⊥ > 8 μW cm-1 K-2 found at ~ 423 K. Also, our obtained (S2σ)⊥ 
values are much higher than S2σ values found in single crystals for T < 700K.  
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Figure 4.4(d) plots measured D// and D⊥ as a function of T for both Pellet-1 and Pellet-2 with 
D values obtained from single crystals for comparison, which indicates that our obtained D// 
values for both Pellet-1 and Pellet-2 are comparable with the D values obtained in single 
crystal along the a-axis. Figure 4.4(e) also plots measured Cp// and Cp⊥ as a function of T for 
both Pellet-1 and Pellet-2 with Cp values obtained from single crystals for comparison. It is 
clear that the obtained Cp values of our Sn0.98Se pellets are stable and linear with temperature. 
Besides, our obtained Cp values are larger than the single crystals, which should be caused 
by the chemical off-stoichiometry. By using κ = D·Cp·ρ, Figure 4.4(f) plots calculated κ// and 
κ⊥ as a function of T for both Pellet-1 and Pellet-2 with κ values obtained from single crystals 
for comparison, from which ultra-low κ// = 0.23 W m-1 K-1 and κ⊥ = 0.42 W m-1 K-1 at 823 K 
can be observed for Pellet-2. Because our sintered Sn0.98Se pellets have a much higher 
relative density (98.5 %),19, 40 this κ value must be close to its intrinsic value. The comparison 
of our obtained κ values with those obtained from single crystals indicates that our κ// values 
are lower than the κ values obtained along the a-axis for T < 650 K and become comparable 
for T > 650 K, representing the lowest κ value obtained from polycrystalline SnSe so far. 
To clarify the high σ values obtained in our pellets, we further measured p for both Pellet-1 
and Pellet-2 using the Hall system since p is directly proportional to σ according to σ = peμ.19, 
34, 50-51 Figure 4.5(a) plots measured p// and p⊥ as a function of T with the corresponding 
values obtained from single crystals for comparison, and shows both p⊥ and p// vary slightly 
in the entire temperature range for both Pellet-1 and Pellet-2, indicating that our Sn0.98Se 
pellets have weak temperature dependence, and the strong anisotropy did not affect the p 
values. Nevertheless, a slight increase can be observed for T > 723 K due to bipolar 
conduction.34, 48 As can be seen, p⊥ and p// stay at ~ 1.50 × 1019 cm-3 and 1.39 × 1019 cm-3 for 
both Pellet-1 and Pellet-2 in the entire temperature range, much higher than the reported 
SnSe single crystals.20-22, 34, 36 Figure 4.5(b) shows determined μ// and μ⊥ as a function of T 
for both Pellet-1 and Pellet-2 with the μ values obtained from single crystals for comparison. 
The obtained μ⊥ and μ// for our sintered Sn0.98Se pellets were much lower than that of single 
crystals, which can be attributed to the carrier scatterings due to crystal imperfections (such 
as grain boundaries due to the nature of polycrystalline). It also shows that both μ// and μ⊥ 
vary insignificantly in the entire temperature range compared with that of single crystals, 
indicating that carrier motilities in our Sn0.98Se pellets do not change largely with temperature. 
To further study the possible scattering mechanism, according to the power law μ ~ T-d,34, 52 
where d is the scattering factor of the carriers, we explore the relationship between μ and T-
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d. Figure 4.5(c) shows that for both Pellet-1 and Pellet-2, our μ// and μ⊥ both fit well for the 
relation of μ ~ T-1.5 within the medium temperature range, indicating that the carrier motilities 
are dominated by acoustic and optical phonon branches.34 
 
Figure 4.5 Plots of Sn0.98Se (both Pellet-1 and Pellet-2) as a function of T for (a) p and (b) μ. 
Plots of (c) μ as a function of T-1.5, (d) κe as a function of T, (e) κl as a function of T, (f) κl as a 
function of 1000/T, and (g) κl/κ as a function of T. (h) Comparison of ZT in the whole 
temperature range and (i) comparison of both average and peak ZTs of different 
polycrystalline SnSe materials from 323 K to 823 K.22, 34, 36-37, 42 
 
To further understand the observed ultra-low κ in our Sn0.98Se pellets, we investigate the 
electrical contributions (κe) and lattice contributions (κl), as well as the κl/κ ratio. κe and κl are 
determined by κe = LσT and κl = κ - κe according to the Wiedemann-Franz law,53 where L is 
the Lorenz number and L = 1.5×10-8 V2 K-2 is used in this study.19 Figure 4.5(d) shows the 
101 
 
determined κe⊥ and κe// as a function of T for both Pellet-1 and Pellet-2, in which the obtained 
σ⊥ and σ// shown in Figure 4.4(a) were used for determining κe⊥ and κe//. Our obtained κe⊥ 
and κe// values were much higher than that of single crystals for T < 723 K. Figure 4.5(e) plots 
κl⊥ and κl// using κl = κ - κe for both Pellet-1 and Pellet-2, where all κl values are significantly 
low (only κl// = 0.23 W m-1 K-1 and κl⊥ = 0.28 W m-1 K-1 at 823 K for Pellet-1, and κl// = 0.20 W 
m-1 K-1 and κl⊥ = 0.33 W m-1 K-1 at the same temperature for Pellet-2) when compared with κl 
values measured from single crystals. Compared with the results of Pellet-1 and Pellet-2, the 
κl⊥ of Pellet-1 was much lower than that of Pellet-2 for the whole temperature range, indicating 
that the relatively weak anisotropy in Pellet-1 decrease κl⊥ to some extent, and the reduce of 
grain size contributed to an increase of grain boundary density, which help strengthen the 
phonon scattering effect and further decrease the κl⊥. However, the κl// of Pellet-1 was still 
slightly higher than that of Pellet-2 for the whole temperature range, indicating that even 
though the increase of grain boundary density can strengthen the phonon scattering effect 
and decrease the κl//, the relatively weak anisotropy played a dominate role in increase the 
κl//, resulting in a slightly higher κl// for Pellet-1. Figure 4.5(f) shows the plots of κl// and κl⊥ as 
a function of 1000/T for both Pellet-1 and Pellet-2 and shows a linear relationship, indicating 
that the phonon scattering is dominated by Umklapp phonon scattering.50, 54 Therefore, our 
Sn0.98Se pellets must have a typical long-range orientation ordered polycrystals.50, 55 
Obviously, such low κl values of our Sn0.98Se plates must be resulted from the strong bonding 
anharmonicity19, 50 caused by the long-range resonant network of Se p-ponds coupled to 
active Sn 5s orbitals,56-61 as well as the crystal imperfections such as the grain boundaries 
(or interfaces).5, 62 Figure 4.5(g) shows the κl/κ ratio for both Pellet-1 and Pellet-2, from which 
more than 90 % of κ⊥ derived from the phonon transport and ~ 95 % for κ// when T < 723 K, 
indicating that κ is dominated by phonon transport for our Sn0.98Se materials.  
Figure 4.5(h) presents a comparison of ZT in the whole temperature range with other 
reported pure polycrystalline SnSe fabricated by different techniques, and Figure 4.5(i) also 
presents a comparison of our peak and average ZTs with other reported pure polycrystalline 
SnSe. For Pellet-2, the results show that our obtained peak ZT = 1.36 and average ZT = 0.68 
both represent the highest values.20-22, 34, 36-37, 39 To compare the thermoelectric properties in 
more detail, Table 4.1 and 4.2 summary the main thermoelectric properties, including ZT, σ, 
S, S2σ, κ, p and ρ with the similar studies.20-22, 34, 36-37, 39, 44, 63 In terms of our p⊥ (1.50 × 1019 
cm-3) and p// (1.39 × 1019 cm-3), both values were records and much higher than those 
obtained from pure polycrystalline SnSe. Previous calculations indicated that, for p-type SnSe, 
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when p reaches to 3.2 ×1019 cm-3, the ZT value can reach to the peak value of ~2.2 at 770 
K.64 Other studies demonstrated similar results, for which the calculated optimum p of ~ 3 
×1019 g cm-3 can result in a peak ZT of ~2.4 at 900 K.65 In our study, the obtained high p⊥ 
(1.50×1019 cm-3) and p// (1.39×1019 cm-3) were both much closer to the calculated optimum p 
values derived from the high stoichiometric ratio of Sn and Se. In terms of our κ⊥ = 0.42 W m-
1 K-1 and κ// = 0.23 W m-1 K-1, both at 823 K, these two values were much lower than most of 
the reported polycrystalline SnSe, detailed in Table 4.1 and 4.2. As can been seen, our 
Sn0.98Se pellets have a high ρ and a strong preferred orientation, leading our κ to reach the 
intrinsic value for high stoichiometric polycrystalline SnSe when we consider that our high κe⊥ 
deriving from the high σ⊥ and our low κ⊥. Moreover, the crystal defects of polycrystalline SnSe 
can further contribute to decrease κ. Thus, a very high maximum ZT of ~1.36 at 823 K was 
achieved for our Sn0.98Se. 
 
Table 4.1 A comprehensive summary on the thermoelectric performance of polycrystalline 
SnSe for ⊥ direction. 
Product Type 
Synthetic 
Method 
ZT 
T 
(K) 
σ (S 
cm-1) 
S (μV 
K-1) 
S2σ 
(mW 
m-1 K-
2) 
κ 
(W m-
1 K-1) 
p 
(cm-3) 
ρ (g 
cm-3) 
Ref. 
Pellet -1 p SS+SPS 1.36 823 72.4 309.9 0.69 0.42 1.48×1019 6.09 
This 
Work 
Pellet -2 p SS+SPS 1.23 823 56.0 307.0 0.53 0.35 1.50×1019 6.11 
This 
Work 
SnSe p M+SPS ~0.8 800 ~81.2 ~267.2 ~0.58 ~0.5 ~1.50×1019 - 42 
SnSe p M+SPS ~0.5 823 ~31.6 ~355.7 ~0.40 ~0.63 - 5.93 20 
SnSe p M+A+SPS ~0.5 790 ~18.7 ~379.8 ~0.27 ~0.40 1.1×1017 5.92 36 
SnSe p M+HP 1.1 873 ~61.9 ~366.3 ~0.83 ~0.66 4.0×1017 6.05 21 
SnSe p ZM ~0.4 873 ~9.7 ~380.1 ~0.14 ~0.34 - 6.03 22 
SnSe p SS+SPS ~0.6 773 ~28.7 ~339.8 ~0.33 ~0.44 1.02×1019 5.87 34 
SnSe p HS+HP - 550 ~35.2 ~337.1 0.40 - - ~5.87 44 
SnSe p CP+A ~0.1 772 ~15.3 ~279.8 ~0.12 ~0.75 5.37×1017 - 37 
SnSe p M+HP 0.73 800 ~64.3 ~322.7 ~0.67 ~0.73 5.57×1016 - 39 
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Table 4.2 A comprehensive summary on the thermoelectric performance of polycrystalline 
SnSe for // direction. 
Product Type 
Synthetic 
Method 
ZT 
T 
(K) 
σ (S 
cm-1) 
S (μV 
K-1) 
S2σ 
(mW 
m-1 K-
2) 
κ 
(W m-
1 K-1) 
p 
(cm-3) 
ρ (g 
cm-3) 
Ref. 
Pellet-1 p SS+SPS 0.91 823 27.3 315.5 0.26 0.23 1.37×1019 6.09 
This 
Work 
Pellet-2 p SS+SPS 1.01 823 35.5 308.0 0.34 0.28 1.39×1019 6.11 
This 
Work 
SnSe p M+SPS ~0.5 823 ~22.9 ~336.9 ~0.26 ~0.42 - 5.93 20 
SnSe p M+A+SPS 0.56 790 ~15.7 ~373.9 ~0.22 ~0.31 3.6×1017 5.92 36 
SnSe p M+HP - 823 ~45.2 ~433.5 ~0.85 - 4.0×1017 6.05 21 
SnSe p ZM+SPS ~1.0 873 ~49.9 ~408.0 ~0.83 ~0.70 5.25×1017 6.03 22 
 
4.2.5 Conclusion 
In conclusion, micro-sized Sn0.98Se single crystal plates were synthesized via a facile 
solvothermal method. After sintered by SPS, Sn0.98Se pellets possess a very high density 
(98.5 %), high p (1.5×1019 cm-3), a strong preferred orientation, a high σ, and a high peak S2σ 
of 6.95 μW cm-1 K-2. The anharmonicity bonding in conjunction with the phonon scattering 
sources such as grain boundaries, contributed to an ultra-low κ (0.42 W m-1 K-1) at 823 K, 
resulting in a record high ZT (1.36±0.12) for Sn0.98Se-based polycrystals. This study provides 
a new perspective to achieve high thermoelectric performance in polycrystalline SnSe, and 
demonstrates that polycrystalline SnSe still have the full potential to further enhance their 
thermoelectric properties. 
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Chapter 5 Achieving High Thermoelectric Performance in p-
type Nanoporous SnSe 
5.1 Overview 
Porous materials are known to have very low κ derived from effective phonon scatterings at 
grain boundaries and interfaces, thus to achieve porous thermoelectric materials is of great 
significance to further improve their thermoelectric performance. However, obtaining such 
porous thermoelectric materials is historically tricky and not straightforward, which is a 
challenge for traditional thermoelectrics. As a good candidate with full potential for 
applications in environmentally-friendly and low-cost thermoelectrics, polycrystalline SnSe 
can broad wide applications. Considering its intrinsic low κ, SnSe is a good candidate to take 
nanoporous design. The detailed novelty of this work is as follows: 
(1) Theoretical calculations indicate that an appropriate p of ~2.0×1019 cm-3 via self-doping 
combined with a low lattice thermal conductivity κl of ~0.2 W m-1 K-1 via inducing 5 % 
volume well-distributed nanopores with an average size of 50 nm can result in a significant 
improvements of peak ZTs to ~1.8 at 823 K. 
(2) Based on the calculation results, we perform the nanoporous design via combination of 
an advanced solvothermal method and a fast SPS technique. We successfully induce 
indium selenides (InSey) nanoprecipitates into the matrix of as-synthesized SnSe single 
crystal microplates, and the nanopores in the sintered pellets are achieved via the 
decompositions of these nanoprecipitates during the sintering process, which is a brand-
new concept to achieve nanoporous structure in thermoelectric materials.  
(3) Through detailed structural and chemical characterizations, it is found that a high S2σ of 
5.06 μW cm-1 K-2 at 823 K comes from the high p of 1.34×1019 cm-3 via tuning the Sn 
vacancies by self-doping, and a low κ of 0.24 W m-1 K-1 is derived from the effective 
phonon blocking and scattering at induced intensive nanopores, interfaces, and grain 
boundaries, contributing to a high ZT of 1.7±0.2 at 823 K.  
This study fills in the gaps of achieving nanoporous SnSe system, and provides a new 
strategy to achieve high thermoelectric performance in SnSe-based thermoelectric materials. 
This work was published in ACS Nano, 2018, 12: 11417-11425. DOI: 
10.1021/acsnano.8b06387. 
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5.2.1 Abstract 
Nanoporous materials possess low thermal conductivities derived from effective phonon 
scatterings at grain boundaries and interfaces, thus to achieve nanoporous thermoelectric 
materials has full potential to improve their thermoelectric performance. Here we report high 
ZT of 1.7±0.2 at 823 K in p-type nanoporous polycrystalline SnSe fabricated via a facile 
solvothermal route. We successfully induce indium selenides (InSey) nanoprecipitates in the 
as-synthesized SnSe matrix of single crystal microplates, and the nanopores are achieved 
via the decompositions of these nanoprecipitates during the sintering process. Through 
detailed structural and chemical characterizations, it is found that the extralow thermal 
conductivity of 0.24 W m-1 K-1 caused by the effective phonon blocking and scattering at 
induced nanopores, interfaces, and grain boundaries, and the high power factor of 5.06 μW 
cm-1 K-2 is derived from a well-tuned hole carrier concentration of 1.34×1019 cm-3 via inducing 
high Sn vacancies by self-doping, contributing to high ZTs. This study fills the gap of 
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achieving nanoporous SnSe, and provides an avenue in achieving high-performance 
thermoelectric properties of materials. 
 
5.2.2 Introduction 
Thermoelectric materials have full potential to tackle the energy dilemma and environmental 
issues by providing a robust energy supply in multiple applications.1-3 The figure-of-merit (ZT) 
is described as ZT = (S2σ/κ)T to evaluate the energy conversion efficiency, where S, σ, κ, 
and T are the Seebeck coefficient, the electrical conductivity, the thermal conductivity, and 
the absolute temperature,4-5 respectively. To achieve a high ZT, a high power factor (S2σ) 
and/or a low κ are needed, and κ is determined by κ = κl + κe, where κl and κe are the lattice 
thermal conductivity and the electronic thermal conductivity,1, 6-7 respectively. So far, 
significant progress has been achieved in improving S2σ via tuning carrier concentrations 
(n/p) through band engineering,8-13 and reducing κ via strengthening phonon scattering by 
structure manipulating.14-19 
As a p-type semiconductor,20 stannous mono-selenide (SnSe) has full potential for 
applications in environmentally-friendly and low-cost thermoelectrics, thus has attracted 
significant attentions in recent years.3, 21-22 An outstanding ZT of ~2.6 was reported in p-type 
single SnSe crystals along their b-axis at 923 K,23 derived from their reasonable S2σ and 
ultralow κ along this direction.23 However, single SnSe crystals possess poor mechanical 
properties, prospective high production cost and significant limitations in their crystal-growth 
techniques, making them difficult to be applied in thermoelectric devices.24-26 Besides, 
considerable controversies on the reported high ZT values of single crystals exist: the κ value 
achieved in single crystals is not intrinsic,27-28 and the re-evaluation of κ in single crystal with 
near 100 % density was much higher.28 Considering of these points, polycrystalline SnSe has 
been a cost-effective approach.29 Doping and texturing have been the two major strategies 
to enhance their ZTs from ~0.5 to ~1.4 at high temperature (> 800 K).24, 30-33 However, due 
to their relatively low S2σ and high κ, these ZT values are still undesirable when compared 
with their single-crystal counterparts. Meanwhile, the phase transition at 800 K is detrimental 
to the stability of performance,3 thus to achieve a high ZT (>1.0) at the temperature less than 
800 K of polycrystalline SnSe has been a technical challenge, resulting in significant limitation 
for their further device applications. 
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Figure 5.1 Illustration of nanoporous design. (a) Calculated p-dependent ZT of 
polycrystalline SnSe, (b) enhancement of p-dependent ZT via reducing κl by inducing 
nanopores in the matrix, (c) illustration of solvothermal synthesis, (d) illustration of 
synthesized SnSe products incorporated with InSey nanoprecipitates, (e) illustration of InSey 
decompositions during SPS process, and (f) illustration of sintered pellets with nanopores. 
 
Because S, σ and κe are strongly coupled through hole carrier concentration n, it is difficult in 
obtaining high ZTs in p-type SnSe by simply adjusting one of these parameters at a time.3 
Thus, to achieve an appropriate p is critical for realizing a high ZT through balancing the 
electrical and thermal transport properties. For polycrystalline SnSe-based thermoelectric 
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materials, to determine the optimized n for securing higher peak ZT, we use a single parabolic 
band (SPB) model34-37 to calculate the p-dependent ZT, and Figure 5.1(a) shows the results 
(Section 5.3.1 in the Supporting Information (ESI) shows detailed calculations). As can be 
seen, a p value between 2.0×1019 cm-3 and 3.0×1019 cm-3 can contribute to a peak ZT of ~1.3 
at 823 K. However, such a ZT value is still not ideal due to its relative high κ. Considering 
that the κl/κ ratio for both single and polycrystalline SnSe are more than 80 %,23, 30 the phonon 
transport (κl) plays a dominant role in determining κ for SnSe-based thermoelectric materials. 
Thus, to achieve much lower κl is needed. 
It is well documented that porous polycrystalline materials have low κl because of effective 
phonon scatterings at grain boundaries and interfaces.4, 38-39 Considering that nanopores 
possess higher intensity of interfaces than regular-sized pores, inducing nanopores in SnSe 
matrix should significantly reduce κl, which has full potential to enhance ZT. Figure 5.1(b) 
shows the calculated impact of nanopores on the κl reduction and in turn the ZT enhancement 
(Section 5.3.1 in ESI shows detailed calculations). In this calculation, the impact of the 
electrical transport performance is neglected for simplicity. As can be seen, after inducing 
nominal “2 %” and “5 %” volumes of nanosize (50 nm) pores in the SnSe matrix, κl can be 
reduced to ~0.3 W m-1 K-1 and ~0.2 W m-1 K-1, respectively, resulting in significant 
improvements of peak ZTs to ~1.5 and ~1.8 at 823 K, respectively. Thus, an appropriate 
nanoporous design is crucial. 
Historically, to obtain such nanoporous thermoelectric materials is not straightforward.38 Here, 
we propose a strategy to achieve nanoporous SnSe crystals with extralow κ. Specifically, we 
first synthesized SnSe microplates incorporated with indium selenide nanoprecipitates (InSey, 
including In4Se3, γ-InSe, and In6Se7) via a facile solvothermal route, as shown in Figure 
5.1(c-d). Based on the phase diagrams (Figure 5.8 in ESI),40-44 the decomposition 
temperatures of InSey (< 903 K) are much lower than that of SnSe (1147 K). Thus, during the 
spark plasma sintering (SPS) process under a high pressure (60 GPa), high temperature 
(950 K), and high vacuum (2 Pa), the synthesized InSey nanoprecipitates decompose to Se 
and In, as illustrated in Figure 5.1(e). Most of the Se subsequently become liquid and are 
squeezed out of SnSe pellets under high pressure, and the In subsequently sublimed under 
high vacuum, leaving nanopores in the SnSe matrix, as illustrated in Figure 5.1(f). Detailed 
morphological and structural characterisations, including scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), differential thermal 
analysis (DTA) and thermal gravity analysis (TGA), are performed on the as-synthesized 
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SnSe microplates and on the sintered pellets to demonstrate the evolution of nanopores in 
the SnSe matrix, and a high ZT of ~1.1 at 773 K (before the phase transition temperature at 
800 K), a high peak ZT of ~1.7 at 823 K, and a high average ZT of 0.72 for the entire 
temperature range have been achieved in our nanoporous polycrystalline SnSe, indicating 
that it has great potential for applications of thermoelectric devices. 
 
5.2.3 Results and Discussion 
Thermoelectric performance. In order to identify the nanopores amount in SnSe matrix after 
sintering, we firstly define SnSe−x % InSey for the nominal mole percentage x % of InSey 
nanoprecipitates in SnSe before sintering, and define corresponding sintered products as 
SnSe−x % nanopores. The nominal x values were selected as 0 (no InSey), 1, 2, 3, 4, and 5, 
respectively. After sintering, the measured relative densities of SnSe pellets are 6.16 (with 
no nanopores), 6.10, 6.04, 5.98, 5.92, and 5.89 g cm-3, respectively, and they are 
corresponding to the volume fractions of nanopores in these pellets as 0 %, ~0.98 %, ~1.95 %, 
~2.92 %, ~3.90 % and ~4.38 %, respectively. As can be seen, the measured nanopore 
volume fractions are always smaller than the nominal x value. This is due to the fact that a 
small amount of nanopores were compressed under the high-pressure during sintering. In 
fact, this phenomenon becomes pronounced with increasing x. 
Figure 5.2 shows the measured properties, in which the obtained extralow κ and high 
electrical transport performance lead to extraordinary high ZTs. The fluctuations of measured 
S, σ and κ were 1.5 %, 10 % and 5 %, respectively, and a good repeatability was achieved 
(detailed discussions can be seen in Section 5.9 in ESI). Figure 5.2(a) shows the calculated 
T-dependent κ for our SnSe−x % nanopores pellets along the ⊥ direction, in which we 
determine κ by κ = Cp·D·ρ,30 where Cp is the specific heat capacity at a constant pressure, D 
is the thermal diffusivity, and ρ is the density. The measured Cp and D are plotted in Figure 
5.10(a-b) in ESI, respectively. It is obvious that κ decreases with increasing x, which is 
derived from the thermal radiation and strengthened phonon scattering by the boundaries of 
nanopores. Meanwhile, the κ values for x = 5 and x = 4 are very close, which should be 
derived from the small difference in the nanopore volume fractions (~4.38 % and ~3.90 %) 
between the two cases. 
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Figure 5.2 Plots of measured and/or calculated properties. (a) T-dependent κ, (b) x-
dependent κa at 823 K compared with Effective Medium Theory model,45-47 T-dependent (c) 
σ, (d) S, (e) S2σ, and (f) ZT for our SnSe−x % nanopores pellets (x = 0, 1, 2, 3, 4, and 5). All 
properties except κa are measured and/or calculated along ⊥ direction. Comparisons of 
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achieved (g) T-dependent ZT and (h) average and peak ZT of our nanoporous SnSe pellets 
with reported undoped polycrystalline SnSe works.24, 31, 48-52 The blue dashed line indicates 
the phase transition temperature. 
 
To evaluate the contributions of thermal radiation and phonon scattering on the reduction of 
κ, a classical Effective Medium Theory (EMT) model45-47 was used, and the result is 
presented in Figure 5.2(b). Detailed calculations can be seen in Section 5.11 in ESI. As can 
be seen, the net contribution of thermal radiation for the κ reduction (the yellow region) are 
much lower than that of phonon scattering on the induced nanopores (the blue region), 
indicating that κ in nanoporous SnSe is still dominated by phonon transportation. 
To study the impact of nanopores in the electrical transport properties, Figure 5.2(c) plots 
the measured T-dependent σ for our SnSe−x % nanopores pellets along the ⊥ direction, in 
which two regions for σ can be seen in the entire temperature range. For the first region (from 
323 to 673 K), it is a typical metallic transport behavior.23 For the second region (from 673 to 
873 K), a typical thermal-activated semiconducting behavior can be seen, which is attributed 
to the thermal excitation of carriers.23 Compared with the pellets with no nanopore, the σ for 
nanoporous pellets are reduced, which should be derived from the carrier blocking and/or 
scattering by these nanopores. Figure 5.2(d) shows the measured T-dependent S, in which 
S slightly increases after inducing nanopores, indicating a slight n reduction.23 Peak S values 
found at 723 K are due to the bipolar transport occurring (marked as T*).53 Figure 5.2(e) 
shows the determined T-dependent S2σ. The reduction of S2σ should be resulted from the 
induced nanopores in SnSe matrix. Figure 5.2(f) presents the calculated ZT values. A high 
peak ZT of ~1.7 at 823 K, a high ZT of ~1.1 at 773 K before the phase transition, and a high 
average ZT of 0.72 were achieved for x = 4, indicating that the induced nanopores can 
significantly improve the thermoelectric performance of polycrystalline SnSe. A average ZT 
higher than 0.5 in a wide temperature range from 400 K to 873 K is significant, because a 
thermoelectric device is often required to be operated under a large temperature gradient. 
Compared with the calculated results shown in Figure 5.1(b), our achieved peak ZT are lower 
than the predicted values (~1.8 at 823 K), which is due to that the prediction in Figure 5.1(b) 
does not consider the impact on the σ reduction when inducing nanopores. Figure 5.2(g-h) 
show comparisons of achieved T-dependent ZT, as well as average and peak ZT from our 
nanoporous SnSe pellets with reported undoped polycrystalline SnSe works,24, 31, 48-52 
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indicating that our nanoporous SnSe are very competitive and has great potential for 
application in thermoelectric device. 
 
Figure 5.3 Plots of measured and/or calculated properties. T-dependent (a) p with inset 
of x-dependent p, (b) μ, (c) κe, (d) κl with inset of 1000/T-dependent κl for our SnSe−x % 
nanopores pellets (x = 0, 1, 2, 3, 4, and 5). All properties are measured and/or calculated 
along ⊥ direction, (e) ZT for our SnSe−x % nanopores pellets (x = 0 and 4) with both ⊥ and 
// directions. The blue dashed line indicates the phase transition temperature, (f) a 
comparison between experimentally achieved ZTs with predicted values via calculations. The 
yellow dashed line indicates the best carrier concentration to achieve peak ZT. 
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Considering that p and carrier mobility μ are important factors for the electrical transportation, 
we further measured the T-dependent p and μ for our SnSe−x % nanopores pellets along the 
⊥ direction, and the results are plotted in Figure 5.3(a-b), respectively. It is found that p 
decreases slightly with increasing x, which is attributed to the existed nanopores occupying 
the volume of pellets. Due to the bipolar effect, a valley can be seen in the p plot at T* = 723 
K,30 and the p values are slightly enhanced after T*, which is benefited from the additional 
holes derived from the thermal excitation of carriers (mainly holes), contributing to an obvious 
increase of σ at high temperature.54 Figure 5.3(b) shows the T-dependent μ, which is 
governed by the well-known power law (μ ∝ T d).52, 55 As can be seen, at low temperature 
(<373 K), μ increases slightly with increasing T, roughly following the relationship of μ ∝ T 1.2 
for all pellets, indicating that the ionic impurities dominate the scattering mechanism.52, 55 At 
medium temperature (373~723 K), μ decreases with increasing T, roughly following the 
relationship of μ ∝ T -1.5 for all pellets, showing that the acoustic phonon scattering played a 
significant role instead.52, 55 At high temperature (>723 K), μ increases with increasing the 
temperature, roughly following the relationship of μ ∝ T 2.5, indicating that additional scattering 
mechanism should exist. Previous studies show that such a special μ ∝ T d relationship 
should be derived from the potential carrier scattering at grain boundaries and/or interfaces.52, 
56-58 Considering that our nanoporous SnSe has a relatively high porosity, which can provide 
extensive nanopore boundaries, these results are reasonable. Meanwhile, the phase 
transition at 800 K should also affect the relation of μ ∝ T d, which is unneglectable. Besides, 
μ decreases gradually with increasing x, which should be derived from the carrier scattering 
at the increased density of nanopore boundaries in our nanopores in SnSe. 
We investigate κe and κl to study the achieved extralow κ in our nanoporous SnSe by the 
Wiedemann-Franz law,59 from which κe = L·σ·T and κl = κ - κe. L is the Lorenz number and L 
is ~1.5×10-8 V2 K-2 calculated via SPB model,34-37 indicating that κ is significantly dependent 
on the phonon scattering.3, 23, 29-30 Figure 5.3(c) shows the achieved κe, which possess the 
same variation of σ and ultralow values, indicating that κ depends strongly on the phonon 
scattering (κl). Figure 5.3(d) shows the plotted κl using κl = κ - κe, in which an extralow κl 
(~0.2 W m-1 K-1) was realized for x = 4 at 823 K. A simple estimation based on κl = 1/3Cv·ν·lmin 
can be used to explain the κl reduction caused by induced nanopore bourndaries,4 where Cv 
is the specific heat capacity at a constant volume, lmin is the minimum phonon mean free path, 
and ν is the sound velocity, respectively. Cv has the same unit of Cp as J mol-1 K-1, which also 
reflects the specific heat property of materials. Previous studies indicate that a large porosity 
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can lead to a much reduced Cv, ν, and lmin, simultaneously,4 and thus a low κl. It should also 
be noted that our achieved κl are much lower than the calculated κl min (0.36, 0.33 and 0.26 
W m-1 K-1 along the b-, c-, and a-axes) using a classical Debye-cahill model,23, 60-61 
respectively. However, these κl min were based on intrinsic materials with full relative density 
of 100 %, and there are nanopores in our real pellets, which explains why our achieved κl are 
much lower than the calculated κl min. The inset of Figure 5.3(d) shows the plot of 1000/T–
dependent κl for all pellets, from which all κl shows a roughly linear relationship, indicating 
that the Umklapp phonon scattering plays a critical role in SnSe.62-63 Considering that SnSe 
has low κl derived from the strongly anharmonic bonding23, 63-67 such low κl values are 
expected. Figure 5.3(e) compares the T-dependent ZT values from our SnSe−x % 
nanopores pellets (x = 0 and 4) along different directions (⊥ and //). It is found that the ZT 
values along the ⊥ direction are higher than that along the // direction due to the anisotropy 
in our SnSe pellets, and this is why the main measured direction was chosen as the ⊥ 
direction. It should be noted that we also achieve a high ZT of ~1.55 at 823 K, as well as a 
high ZT of ~1.0 at 773 K (before the phase transition at 800 K) along the // direction from 
SnSe−4 % nanopores pellet, indicating that our nanoporous SnSe possess full potential for 
the practical device application due to their balanced performance along different directions. 
The detailed discussions about such an anisotropy can be seen in Figure 5.12 in ESI. Figure 
5.3(f) is a plot of p-dependent ZT values and shows a comparison between experimentally 
measured ZT and predicted values via calculations based on SPB model at 823 K.34-37 The 
experimental ZT values (spots shown in Figure 5.3(f)) are derived from Figure 5.2(f), and 
the predicted ZT values (curves shown in Figure 5.3(f)) come from the calculations based 
on different κl values from Figure 5.3(d), similar to Figure 5.1(b). It is found that our 
measured p value (1.34×1019 cm-3) is very close to ~2×1019 cm-3, indicating that our achieved 
ZT of ~1.7 is very close to its theoretical peak value (~1.8). 
Characterizations of InSey nanoprecipitates. To clarify the nanopores evolution in SnSe 
matrix, detailed morphological and structural characterisations, including XRD, SEM, and 
TEM, are performed on the as-synthesized SnSe microplates and sintered pellets. Figure 
5.4(a) shows the XRD patterns taken from synthesized SnSe−x % InSey products (x = 0, 1, 
2, 3, 4, and 5). For pure SnSe (x = 0), all diffraction peaks can be indexed as α-SnSe with a 
typical orthorhombic structure and a Pnma space group. With increasing x, the strongest 
peak varies from 400* to 111*, suggesting that (111) surfaces become more significant. 
Meanwhile, all diffraction peaks shift towards to right. Take 111* and 400* for example, Figure 
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5.4(b) shows detailed 111* and 400* peaks for all products, showing that all peaks are 
deviated from the standard value at 2θ = 30.462° for 111* and 31.081° for 400*. The right-
shifted diffraction peaks indicate a high Sn vacancy level in SnSe.3, 30 The real atomic ratio 
of Sn:Se is ~0.98:1 for x = 0, measured by electron probe micro-analyser (EPMA). The 
diffraction peaks do not shift towards a higher or lower 2θ with increasing x, indicating that 
there is no In doped into the SnSe system,68 and the Sn vacancy level keeps unchanged. To 
see the peaks from nanoprecipitates, take x = 4 for example, Figure 5.4(c) shows its 
magnified XRD pattern. A few mixed phases can be indexed as InSey, in which three InSey 
phases, namely In4Se3, γ-InSe, and In6Se7, are found to co-exist in the as-synthesized SnSe 
microplates. The calculated weight fractions are ~96.08 % for SnSe, ~1.87 % for In4Se3, 
~1.36 % for In6Se7, and ~0.69 % for InSe when x = 4. The InSey totally occupy ~3.92 %, close 
to the observed porosity of ~3.90 %. 
To investigate the morphological characteristics of synthesized SnSe−x % InSey (x = 0, 1, 2, 
3, 4, and 5), detailed SEM investigations were performed. Take x = 4 for example, Figure 
5.4(d) shows a SEM image with inserted optical image for the synthesized powders. 
Compared with their pure counterparts shown in Figure 5.13 in ESI, after incorporated with 
InSey, the lateral dimensions of the microplates slightly reduce with increasing x (<30 μm). 
We suppose that the formation of InSey may impede the crystal growth of SnSe during the 
synthesis progress. Some microplates can agglomerate together to form large particles. 
Figure 5.4(e) shows corresponding magnified SEM image. Meanwhile, with increasing x, the 
(100) surfaces vary from flat surfaces to seriously stepped and bent surfaces, which explains 
why (111) surfaces become much more significant as shown in XRD results. Figure 5.4(f) 
shows corresponding energy dispersive spectrometer (EDS) mapping results, indicating the 
existence of In in SnSe system. The detailed morphological characteristics of as-synthesized 
SnSe−x % InSey (x = 0, 1, 2, 3, 4, and 5) can be seen in Figure 5.13 in ESI. 
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Figure 5.4 Characterizations of synthesized products. (a) XRD patterns of synthesized 
SnSe−x % InSey products (x = 0, 1, 2, 3, 4, and 5), (b) magnified 111* and 400* peaks to see 
the peak variation, (c) XRD pattern of synthesized SnSe−4 % InSey microplates to see the 
different phases of InSey, (d) SEM image with inset of optical image of synthesized SnSe−4 % 
InSey products, (e) corresponding magnified SEM image of one SnSe−4 % InSey microplate 
to see the stepped and bent surface, and (f) corresponding EDS map results taken from (e) 
for Sn, Se and In. 
 
Figure 5.5(a) shows a TEM image of a typical as-synthesized SnSe−4 % InSey microplate, 
and Figure 5.5(b) shows corresponding SAED pattern, indicating that the dominant phase is 
orthorhombic-structured SnSe with a typical (100) surface, same to the results of its pure 
counterparts (shown in Figure 5.14 in ESI). Figure 5.5(c) is a magnified TEM image, in which 
nanoprecipitates with diameters between 10~50 nm can be observed. Figure 5.5(d) shows 
the high-resolution TEM (HRTEM) image of a typical SnSe-InSey boundary. As can be seen, 
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the lattice of InSey nanoprecipitate is different from that of SnSe. Corresponding fast Fourier 
transformation (FFT) pattern of InSey nanoprecipitate shows extra spots from standard SnSe, 
which is identified as In6Se7. Figure 5.5(e) shows the EDS line scans of Se, Sn, and In across 
a single InSey nanoprecipitate, indicating the existence of InSey. All these information verifies 
the formation of InSey nanoprecipitates incorporated SnSe microplates. 
 
Figure 5.5 Characterizations of synthesized products. (a) TEM image taken from a 
SnSe−4 % InSey microplate, (b) corresponding SAED pattern, (c) magnified TEM image to 
show InSey nanoprecipitates, (d) HRTEM image showing a typical SnSe-InSey boundary with 
corresponding FFT patterns, (e) EDS scan line results taken from a single InSey 
nanoprecipitate for Se, Sn, and In, and (f) TGA and (g) DTA curves of our SnSe−x % InSey 
under vacuum (x = 0 and 4). Here Pnma indicates low temperature α−SnSe phase, and 
Cmcm indicates high temperature β-SnSe phase. 
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Our sintering temperature of 950 K was ducted from the TGA and DTA results of InSey 
nanoprecipitates incorporated SnSe microplates, as shown in Figure 5.5(f-g), respectively. 
The TGA curves indicate that the Se volatilization accelerated when T > 823 K, and this 
phenomenon indicates why the thermoelectric performance is much more significant for T < 
800 K. For SnSe−4 % InSey products, the three sudden drops in the TGA curve indicate the 
decompositions of In4Se3, γ-InSe, and In6Se7, respectively. Similarly, the corresponding DTA 
curve also show three endothermic peaks, indicating the decompositions of In4Se3, γ-InSe, 
and In6Se7, respectively. In fact, during our SPS processes, suddenly increases of the 
vacuum values of the SPS chamber are witnessed as suddenly increased at these 
temperatures, indicating the corresponding decompositions occurred. Considering that the 
SPS temperature was set as 950 K, during the SPS process, most of the InSey decomposed 
and resulted in nanopores in SnSe matrix, forming nanoporous SnSe. 
Characterizations of nanopores. After sintering, the microstructures of pellets were 
investigated and the result are show in Figure 5.6 to verify the existence of nanopores. Here, 
we selects SnSe−4 % nanopores pellet as a sample. Figure 5.6(a) shows XRD results and 
indicate that for both pure and 4 % nanopores pellets, the samples cut along the // direction 
show strong 111* peaks, and the samples cut along the ⊥ direction show strong 400* peaks 
instead, indicating strong anisotropy. Besides, it is clear that along the ⊥ direction, SnSe−4 % 
nanopores pellet possesses stronger 111* peak than pure pellet, showing that pure SnSe 
pellet possesses stronger anisotropy than SnSe−4 % nanopores pellet, agreeing with the 
results of Figure 5.3(e). Besides, there is no InSey phase found in our sintered pellets and 
instead, weak Se peaks can be found, indicating the complete decomposition of InSey. 
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Figure 5.6 Characterizations of sintered pellets. (a) XRD patterns from both pure SnSe 
and SnSe−4 % nanopores pellets, measured along both the // (purple line) and ⊥ (yellow line) 
direction, (b) SEM image of SnSe−4 % nanopores pellets polished from the ⊥ direction, (c) 
SEM image with inset of magnified SEM image of SnSe−4 % nanopores pellets fractured 
from the ⊥ direction to see the nanopores, (d) SEM image of SnSe−4 % nanopores pellets 
fractured from the // direction to see the nanopores, (e) magnified TEM image taken from a 
sliced laminar TEM specimen as shown in the inset of TEM image, (f) magnified TEM image 
to see one typical nanopore, and (g) HRTEM image with inset of SAED pattern viewed along 
[112] taken from the brim of nanopore shown in (f). 
 
Figure 5.6(b) shows the SEM image of SnSe−4 % nanopores pellet polished from the ⊥ 
direction (the illustration of preparation for SnSe samples with different directions can be seen 
in Figure 5.15 in ESI). No observable flaw can be found on the flat surface, similar to their 
pure counterparts (see Figure 5.16 in ESI), indicating that our sintered nanoporous pellets 
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still have relative high compact,3 but their κ values are much lower, indicating the effective 
phonon scatterings on the increased density of interfaces caused by the nanopores. 
Meanwhile, the SnSe−4 % nanopores pellet has smaller grain size than its pure counterpart, 
as shown in Figure 5.17 in ESI, which should be derived from the reduction of lateral 
dimensions of microplates before sintering, as well as the stepped surface observed in 
Figure 5.4(e). The enhanced intensity of grain boundary is predicted to effectively strengthen 
the phonon scatterings, especially for the low-frequency phonons,3 and in turn reduce κ. To 
verify the complete decompositions of InSey phases, extensive EDS and EPMA are 
investigated, and the results are shown in Figure 5.18 in ESI. It is found that no InSey can be 
detected in our sintered pellets, indicating the complete decompositions of InSey during SPS 
process. Figure 5.6(c) is a SEM image of SnSe−4 % nanopores pellet fractured from the ⊥ 
direction. Compared with the SEM image taken from the pure pellet (refer to Figure 5.16 in 
ESI), clear nanopores can be observed on the fractured surface, indicating the successful 
incorporation of nanopores. The inset SEM image in Figure 5.6(c) shows a small area of 
grains with a locally high intensity of nanopores, from which the measured sizes can be 
estimated in the range of 30~60 nm. Figure 5.6(d) shows the SEM image of pellet fractured 
from the // direction. Similarly, nanopores can be observed from the fractured grains, ensuring 
the existence of nanopores. 
To better characterize the achieved nanopores, TEM investigations were performed. Figure 
5.6(e) shows a magnified TEM image from a sliced laminar TEM specimen (shown in the 
inset). There are cracks formed during slicing derived from the relatively weak van der Waals 
force between Sn-Se layers,3 and crystals and nanopores can be clearly seen. The observed 
nanopores have diameters of 30~60 nm, same to the SEM results. Figure 5.6(f) shows a 
magnified typical nanopore, from which the nanopore possesses a diameter of ~55 nm. We 
further take the HRTEM image and SAED pattern on the brim of this nanopore tilted and 
viewed along the [112] zone-axis, and the result is shown in Figure 5.6(g), confirming the 
orthorhombic structured SnSe. All of these results demonstrate the successful achievement 
of nanopores in SnSe matrix, which contribute to a low thermal conductivity of 0.24 W m-1 K-
1 and in turn a high ZT of ~1.7 at 823 K when the pellet has a ~4 % volume fraction of 
nanopores. Compared with other cheap and low-toxic high performing thermoelectric 
materials (e.g. Cu2Se or Mg3Sb2),3-4, 69-77 our achieved high ZTs are competitive at high 
temperature, as shown in Figure 5.19 in ESI. 
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5.2.4 Conclusion 
In summary, we used a facile solvothermal method to fabricate nanoporous SnSe. Detailed 
structural, morphological and chemical characterizations indicate that the induced InSey 
nanoprecipitates can decompose and give rise to nanopores in SnSe matrix during SPS 
process under high temperature, high pressure and high vacuum, making the system as 
nanoporous SnSe. A high ZT of ~1.7 ± 0.2 at 823 K was achieved, derived from an extralow 
κ of ~0.24 W m-1 K-1 and a high power factor of 5.06 μW cm-1 K-2 at this temperature. Such a 
low κ value comes from the effective phonon scatterings and thermal radiation at interfaces 
associated with the nanopores, and the high power factor was derived from a high hole carrier 
concentration of 1.34×1019 cm-3 via inducing high Sn vacancies by self-doping. Besides, the 
low anisotropy in our pellets contributes to much more balanced thermoelectric performance 
along different directions, which is significant for the real application on the thermoelectric 
devices. 
 
5.2.5 Experimental Section 
Synthesis method. Single crystal SnSe microplates incorporated with InSey nanoprecipitates 
were synthesized via a typical solvothermal route. The solvent is Ethylene glycol anhydrous 
(EG, 99.8 %), and SnCl2·2H2O (99.99 %), Na2SeO3 (99.99 %), and InCl3·4H2O (99.99 %) 
were main precursors (Sigma-Aldrich). During the synthesis, typical reactions are described 
as:52 
SnCl2·2H2O 
𝐶2𝐻6𝑂2
→     Sn2+ + 2Cl- + 2H2O    (5-1) 
InCl3·4H2O 
𝐶2𝐻6𝑂2
→     In3+ + 3Cl- + 4H2O    (5-2) 
2In3+ + C2H6O2 
 𝐻𝑒𝑎𝑡𝑖𝑛𝑔
→       2In+ + C2H2O2 + 4H+   (5-3) 
Na2SeO3 
𝐶2𝐻6𝑂2
→     2Na+ + SeO32-     (5-4) 
SeO32- + C2H6O2 
 
→ Se + C2H2O2 + H2O + 2OH-  (5-5) 
and NaOH (99.99 %) was used to tune the pH and in turn promote the ion reactions,52, 78-79 
as well as to prevent achieving In2Se3:52 
Se + Sn2+ 
 
→ Se2- + Sn4+      (5-6) 
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Sn2+ + Se2- 
 
→ SnSe       (5-7) 
In3+ + In+ + ySe2- 
 
→ InSey. (Not balanced)   (5-8) 
Here InSey include In4Se3, γ-InSe, and In6Se7. To seal the solution, stainless steel autoclaves 
(125 ml) lined with polytetrafluoroethylene were used. The autoclaves were heated at 230 °C, 
kept for 36 h, and naturally cooled in an oven. Centrifugation technique was used to collect 
and purify the synthesized products. The collected products were then dried at 60 °C for 10 
h. 
Characterization. Powder/polycrystalline X-ray diffracter (PXRD or XRPD, Bruker-D8 
Advance powder XRD) and XPS (Kratos Axis Ultra) were sued to study the synthesized 
products. For PXRD, the voltage was 40 kV, the current was 30 mA, the start angle was 10, 
the end angle was 80, the time per step (sec/step or degree/min) was 1/min (1.2 sec/step), 
and the step size or increment () was 0.02. The compositions were studied by electron probe 
micro-analyzer (EPMA, JEOL JXA-8200). The morphological and structural characteristics 
were investigated by SEM (JSM-6610, JEOL Ltd.) and HRTEM (TECNAI-F20). The TEM 
specimens of sintered pellets were prepared by slicing the pellets via Ultramicrotone. The 
differential thermal analysis (DTA) and thermal gravity analysis (TGA) were both performed 
via the thermal analysis instrument (STA 409 CD, NETZSCH Group). 
Sintering process. To evaluate the thermoelectric performance, spark plasma sintering 
technique (SPS, SPS-211Lx, Fuji Electronic Co., Ltd.) was used to sinter the synthesized 
products. The pressure is 60 MPa, the temperature is 950 K, and the time is 10 min. The 
cylinder-shaped pellets have a height h = 7.5 mm and a diameter Ф = 12.6 mm. 
Property measurement. The S and σ were simultaneously measured by an electric 
resistivity/Seebeck coefficient measuring system (ZEM-3, ULVAC Technologies, Inc.). The D 
were measured by a laser flash diffusivity method (LFA 457, NETZSCH Group), and the κ 
was determined via κ = Cp·D·ρ,23 where Cp were measured by differential scanning 
calorimetry (DSC 404 C; NETZSCH Group), and the density ρ were measured by traditional 
Archimedes method. The carrier concentration n were measured by a Hall system under a 
reversible magnetic field (1.5 T). 
Supporting Information. 
The Supporting Information is available free of charge on the ACS Publications website at 
DOI: 10.1021/acsnano.8b06387. 
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Calculation works, illustrations, additional thermoelectric properties, characterizations, and 
corresponding discussions. 
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5.3 Supporting Information 
5.3.1 Calculation Details 
We used a single parabolic band model1-4 to calculate the n-dependent ZT. For calculation 
details, the carrier transport property analysis was employed as: 
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where η, kB, e, r, RH, ħ, Cl, Edef, and L are the reduced Fermi level, the Boltzmann constant, 
the electron charge, the carrier scattering factor (r = -1/2 for acoustic phonon scattering), the 
Hall coefficient, the reduced plank constant, the elastic constant for longitudinal vibrations, 
the deformation potential coefficient, and the Lorenz number, respectively. Here:5 
Cl = vl2ρ        (5-13) 
where vl is the longitudinal sound velocity and taken as 2730 ms-1 in this study.5 Fi(η) is the 
Fermi integral expressed as:5 
𝐹𝑖(𝜂) = ∫
𝑥𝑖
1+𝑒(𝑥−𝜂)
∞
0
𝑑𝑥      (5-14) 
The predicted ZT values in Figure 5.3(f) are also calculated based on the above model at 
823 K, and the κl used in the calculation are derived from Figure 5.3(d). 
To predict the ZT enhancement via reducing 𝜅l by inducing nanopores, we assume that the 
nanopores are well distributed in the matrix of SnSe, as shown in Figure 5.7. In this situation, 
we define κlp as the κl of SnSe after inducing nanopores, and the κlp of nanoporous SnSe can 
be calculated based on the “gray medium” approximation under the assumption of complete 
phonon-scattering on the nanopore interfaces:6 
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where κlb, αn, dn, cn are the bulk lattice thermal conductivity, the “shape” parameter of the 
gamma distribution,6 the average diameter of nanopores (set as 40 nm in this case), and the 
number density of nanopores, respectively. Λb is the phonon mean free path calculated as:7 
Λ𝑏 =
3∙𝜅𝑙𝑏
𝐶𝑣𝑣𝑎
       (5-17) 
where Cv is the volume heat capacity. va is the average sound velocity taken as 2730 m s-1.5 
 
Figure 5.7 Schematic illustration of SnSe with well distributed nanoscale pores. 
 
5.3.2 Sn-Se and In-Se Phase Diagrams 
To illustrate the decomposition temperatures of SnSe and InSey, Sn-Se and In-Se binary 
phase diagrams are shown in Figure 5.8(a-b), respectively. As can be seen, the 
decomposition temperatures of In4Se3, γ-InSe, and In6Se7 are 823 K, 873 K, and 903 K, 
respectively, which are lower than that of SnSe (1146 K). Thus, in order to achieve nanopores 
in our SnSe during SPS, we focus on the fabrication of In4Se3, γ-InSe, and In6Se7 
nanoprecipitates in SnSe, and prevent the fabrication of In2Se3 via applying strong alkaline 
environment during solvothermal synthesis, which can avoid the crystal growth of In2Se3.8-10 
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Figure 5.8 (a) Sn-Se and (b) In-Se binary phase diagram. Reproduced and revised with 
permission. Copyright 2006, ASM International. 
 
5.3.3 Examination of Rreproducibility 
For SnSe-based thermoelectric materials, the phase transition between α-SnSe and β-SnSe 
at 800 K is detrimental to the stability of performance, as well as the mechanical properties. 
To evaluate the reproducibility of our thermoelectric properties, we tested 6 times for our 
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SnSe−4 % nanopores pellets from room temperature to 773 K. Figure 5.9 shows the T-
dependent properties (σ, S, S2σ, κ, and ZT) with different measured times. All properties were 
measured along directions perpendicular to the sintering pressure (⊥ direction). The 1st, 3rd 
and 5th measurements were taken under heating processes, and the other three 
measurements were taken under cooling processes. The results indicate that the 
reproducibility of our obtained thermoelectric properties are high under 773 K. 
 
Figure 5.9 T-dependent properties with different measured times for our SnSe−4 % 
nanopores pellets: (a) σ, (b) S, (c) S2σ, (d) κ, and (e) ZT. All properties are measured along 
the ⊥ direction. The 1st, 3rd and 5th measurements were taken under heating processes, 
and the other three measurements were taken under cooling processes. 
 
5.3.4 Additional Thermoelectric Performance 
The measured specific heat (Cp) and thermal diffusivity (D) for our SnSe−x % nanopores 
pellets are shown in Figure 5.10(a-b), respectively. The Cp are stable in the entire 
temperature range for all pellets except a small peak at 794.8 K, indicating the phase 
transition between α–SnSe and β–SnSe. The difference between measured phase transition 
temperature (794.8 K) and theoretical temperature (800 K) comes from the slight composition 
difference between Sn0.98Se and SnSe. Besides, the calculated effective mass (m*) and L for 
SnSe−x % nanopores pellets are also shown in Figure 5.10(c-d), respectively. The m* and 
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L were calculated via a single parabolic band model1-4 shown in Section 5.3.1. It is clear that 
the m* slightly increase with increasing the amount of nanopores, and are stable before the 
phase transition, after which a drop of m* can be seen. For L, the values for all samples are 
stable with the entire temperature range (~1.5×10-8 V2 K-2), this is because SnSe is a typical 
thermoelectric material that the κ are significantly depended on phonon scattering. The 
calculated T-dependent κl/κ ratio is shown in Figure 5.10(e), from which the κl/κ ratio are 
more than 70 %, indicating that the phonon transport dominated κ. 
 
Figure 5.10 Plots of (a) measured T-dependent Cp, (b) measured T-dependent D, (c) 
calculated T-dependent m*, (d) calculated T-dependent L, and (e) calculated κl/κ ratio for our 
SnSe−x % nanopores pellets. The blue dashed line indicates the theoretical phase transition 
temperature (800 K), and the purple dashed line indicates the real phase transition 
temperature (794.8 K). 
 
5.3.5 Contribution of Nanopores 
To evaluate the contribution of nanopores for the reduction of thermal conductivities, two 
classical models: the Maxwell–Eucken 1 (M-E 1) model and the Effective Medium Theory 
(EMT) model,11-13 are investigated. For M-E 1 model, an assumption is that the inclusions of 
the dispersed phase (whether particles or bubbles) does not come into contact with 
neighboring inclusions. There is:11-13 
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𝜅 =  𝜅1
2𝜅1+𝜅2−2(𝜅1−𝜅2)𝜈2
2𝜅1+𝜅2+(𝜅1−𝜅2)𝜈2
     (5-18) 
where κ is the effective thermal conductivity of the material with inclusions, κ1 is the thermal 
conductivity of the material, κ2 is the thermal conductivity of the inclusions (κ1 » κ2), and ν2 is 
the volume percentage of the inclusions. When the inclusions are nanopores, κ2 ≈ 0, then we 
have:11-13 
𝜅 =  2𝜅1
1−𝜈2
2+𝜈2
       (5-19) 
For EMT model, an assumption is that for a heterogeneous material, in which the two 
components should be distributed randomly, with neither phase being necessarily continuous 
or dispersed. Either component may form continuous heat conduction pathways, depending 
on the relative amounts of the components. There is:11-13 
0 = (1 − 𝜈2)
𝜅1−𝜅
𝜅1+2𝜅
+ 𝜈2
𝜅2−𝜅
𝜅2+2𝜅
    (5-20) 
Similarly, when the inclusions are nanopores, κ2 ≈ 0, then we have:11-13 
𝜅 =  𝜅1 (1 −
3
2
𝜈2)      (5-21) 
For the case of our SnSe−x % nanopores pellets, considered that the InSey nanoprecipitates 
can agglomerate to form micro-sized precipitates, the EMT model should be more suitable 
than the M-E 1 model for our case. Figure 5.11(a-b) show schematic diagrams of SnSe made 
up of a random dispersion of nanopore for the M-E 1 model and the EMT model, respectively. 
To evaluate the contribution of nanopores for the reduction of κ, Figure 5.11(c) shows the 
comparison of measured and calculated x-dependent κ via the two models at 823 K. Here 
x/100 = ν2, and the κa values are derived from κa = (κ⊥ + κ//) / 2, from which the measured κ⊥ 
and κ// are shown in Figure 5.12 in the following section. It is clear to see that with increasing 
x (or ν2), the calculated κa via both of the two models slightly decrease, indicating the net 
contribution of nanopores. The inset figure is the comparison of magnified results for M-E 1 
and EMT models, indicating that the EMT model should be more suitable for our case. 
However, the measured κa decreases more drastically, indicating that extra phonon 
scattering effects happened during the thermal transportation. Considered that these two 
theoretical models do not consider the phonon scattering effect, such difference is 
understandable. With increasing the nanopore intensity, more interfaces were introduced into 
the SnSe matrix, which are effective phonon scattering sources. Besides, when x > 4, the 
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reduction of κa become slower due to that the extra nanopores were squeezed out of the 
pellets under high pressure and high temperature during SPS. Figure 5.11(d) also shows the 
comparison of both measured and calculated T-dependent κa at x = 4 (ν2 = 4 %). It is obvious 
that the measured κa values are closer to their calculated values at higher temperature, 
indicating that with increasing the temperature, the contribution of nanopores for the reduction 
of κ decrease due to the thermal activation. 
 
Figure 5.11 Schematic diagrams of SnSe made up of a random dispersion of nanopores for 
(a) the Maxwell–Eucken 1 (M-E 1) model and (b) the Effective Medium Theory (EMT) 
model,11-13 (c) comparison of measured and calculated x-dependent κa at 823 K, the inset 
figure is the comparison of magnified results for M-E 1 and EMT models,11-13 and (d) 
comparison of measured and calculated T-dependent κa at x = 4 (ν2 = 4 %). Here κa = (κ⊥ + 
κ//)/2. 
 
5.3.6 Examination of Anisotropy 
To evaluate the anisotropy of thermoelectric properties in our pellets, we measured the main 
properties for both pure SnSe pellets and SnSe−4 % nanopores pellets with different 
measured directions from room temperature to 873 K. Figure 5.12 shows the plots of 
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measured T-dependent properties (σ, S, S2σ, and κ) from our SnSe−x % nanopores pellets. 
The measured direction perpendicular to the sintering pressure is labelled as “⊥”, and the 
measured direction parallel to the sintering pressure is labelled as “//”. The results indicate 
that pure SnSe pellets possess stronger anisotropy than SnSe−4 % nanopores pellets. 
 
Figure 5.12 Plots of measured T-dependent properties with different measured directions 
from our SnSe−x % nanopores pellets (x = 0 and 4): (a) σ, (b) S, (c) S2σ, and (d) κ. The 
measured direction perpendicular to the sintering pressure is labelled as “⊥”, and the 
measured direction parallel to the sintering pressure is labelled as “//”. The blue dashed line 
indicates the theoretical phase transition temperature. 
 
5.3.7 SEM Results of SnSe−x % InSey Products 
To investigate the morphological characteristics of synthesized SnSe−x % InSey (x = 0, 1, 2, 
3, 4, and 5), detailed SEM investigations were performed. Figure 5.13(a) is a SEM image 
with inserted optical image of synthesized products for x = 0. The pure SnSe have typical 
rectangular plate-like morphology with their lateral dimension varies between 30 and 50 µm. 
Figure 5.13(b) shows a magnified SEM image of SnSe microplates to show their (100) 
surfaces. Compared with other surfaces, the SnSe microplates possess significant (100) 
surfaces, which explains why 400* is the strongest peak observed in the XRD pattern when 
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x = 0. Figure 5.13(c) is a magnified SEM image of SnSe microplate to show lateral surface, 
and the measured thickness of the microplate is ~5.3 μm. For SnSe−x % InSey (x = 1, 2, 3, 
4, and 5) products, Figure 5.13(d-h) show their SEM images with inserted optical images. 
After incorporated with InSey, the lateral dimensions of microplates slightly reduce. We 
suppose that the formation of InSey may impede the crystal growth of SnSe during the 
synthesis. Some microplates can agglomerate together to form large particles. Figure 5.13(i-
m) show corresponding magnified SEM images. After incorporated with InSey, the lateral 
dimension of SnSe varies between only 20 and 30 µm. Besides, with increasing x, the (100) 
surfaces vary from flat surfaces to seriously stepped and bent surfaces, which explains why 
(111) surfaces become much more significant as shown in XRD results in Figure 5.4. Figure 
5.13(n-r) show corresponding EDS mapping results. All results demonstrate the existence of 
In in SnSe system. 
  
Figure 5.13 (a) SEM image with inserted optical image of synthesized pure SnSe products, 
(b) magnified SEM image of pure SnSe microplates to show (100) surfaces, (c) magnified 
SEM image of pure SnSe microplate to show lateral surface, SEM images with inserted 
optical images of synthesized SnSe−x % InSey products for x = (d) 1, (e) 2, (f) 3, (g) 4, and 
(h) 5, corresponding magnified SEM images of SnSe−x % InSey products for x = (i) 1, (j) 2, 
(k) 3, (l) 4, and (m) 5, and corresponding EDS mapping results of SnSe−x % InSey products 
for x = (n) 1, (o) 2, (p) 3, (q) 4, and (r) 5. 
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5.3.8 TEM Results of Pure SnSe Microplates 
For pure SnSe products, Figure 5.14(a) shows its TEM image with the plate laid 
perpendicular to the electron beam. Same to its SEM results, the exterior of microplate 
showed rough crystal information. Figure 5.14(b) is the SAED pattern taken along the 
[100] zone-axis, and Figure 5.14(c) is the HRTEM image, indicating the microplate has 
typical orthorhombic structure and a (100) surface. 
 
Figure 5.14 (a) TEM image of a typical pure SnSe microplate, (b) corresponding SAED, and 
(c) HRTEM image. 
 
5.3.9 Preparation of SnSe Pellets 
To obtain these thermoelectric performance from our sintered pellets, we need to cut the 
pellets into chips to measure and/or calculate these main properties. Here we show the 
illustration of preparation for SnSe samples with different directions (yellow for ⊥ and blue for 
// to the sintering pressure) from the sintered pellet. 
 
Figure 5.15 (a) Optical image of sintered SnSe−4 % nanopores pellets, (b) the illustration of 
preparation for SnSe samples with different directions, cut and polished samples for 
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measuring the thermoelectric performance along the direction (c) perpendicular (labelled as 
“⊥”) and (d) parallel (labelled as “//”) to the sintering pressure. 
 
5.3.10 SEM Results of Pure SnSe Pellets 
To investigate the morphological characteristics of our sintered pure SnSe pellets, detailed 
SEM investigations were performed. Figure 5.16(a-b) are SEM images of polished surfaces 
from the ⊥ direction and the // direction, respectively, and show the flat surfaces without 
observable flaw, indicating that our sintered pellets have high compact. Figure 5.16(c-d) are 
SEM images of pellets fractured from the ⊥ direction and the // direction, respectively, the 
much more distinct fracture features confirm the sintered pellets containing an obvious 
anisotropy. No nanopore was observed. 
 
Figure 5.16 SEM images of pure SnSe pellet polished surfaces from (a) the ⊥ direction and 
(b) the // direction, SEM images of pure SnSe pellet fractured from (c) the ⊥ direction and (d) 
the // direction. 
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5.3.11 Comparison of Grain Boundary 
To compare the grain boundary between our sintered pure SnSe and SnSe−x % nanopores 
pellets, we roughly polished the surface of our pellets by using sand papers, and Figure 
5.17(a-b) show SEM back scattering electron (BSE) images of polished surfaces taken from 
sintered pure SnSe and SnSe−4 % nanopores pellets along their ⊥ directions, respectively. 
The comparison indicates that SnSe−4 % nanopores pellet possesses much smaller grain 
size than that of pure SnSe pellet, derived from the difference of their lateral dimensions 
before sintering, as well as the stepped surface observed in Figure 5.13. The improved 
density of grain boundary in SnSe−4 % nanopores pellet should enhance the phonon 
scatterings, and in turn contributes to low κ. Besides, this comparison also explains why the 
anisotropy of SnSe−4 % nanopores pellet becomes weaker than that of the pure one, as 
discussed in Figure 5.6(a). 
 
Figure 5.17 SEM-BSE images of roughly polished surfaces taken from sintered (a) pure 
SnSe and (b) SnSe−4 % nanopores pellets. 
 
5.3.12 Characterizations of SnSe−x % Nanopores Pellets 
To investigate the morphological characteristics of our sintered SnSe−x % nanopores pellets 
(take x = 4 for example), SEM investigations were performed. Figure 5.18(a) is a SEM image 
of polished surfaces from the ⊥ direction. The surface is flat with no obvious flaws, indicating 
a highly compact structure. Figure 5.18(b) is the corresponding EDS map and spot results. 
To check the potential oxidization on SnSe pellet, we select “O” during the EDS measurement 
but there is no O element in the results, indicating that there is no oxidization on the surface 
of pellet. Meanwhile, there is no In found in our sintered pellets, indicating the complete 
decomposition of InSey. The atomic percentage (at. %) of Se (50.8 %) is slightly higher than 
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its value before sintering (50.5 %), indicating the existence of extra element Se. Such rare 
element Se should come from the decompositions of InSey at high temperature, and the liquid 
Se were not completely squeezed out of the pellets under high pressure during SPS. To 
pursue a much higher accuracy of the composition, we mounted our pellets into the resin to 
take extensive electron probe micro-analyser (EPMA) studies, finding that the true atomic 
ratio of Sn:Se is ~0.97:1, fitting well with the EDS results. 
 
Figure 5.18 (a) SEM image of SnSe−4 % nanopores pellets polished from the ⊥ direction, 
and (b) EDS mapping and spot results for Sn and Se. 
 
5.3.13 Comparison of ZTs. 
SnSe is a typical low-toxic and high-cost performance material. The achieved nanopores in 
SnSe matrix can contribute to a low κ of 0.24 W m-1 K-1 and in turn a high ZT of ~1.7 at 823 
K when the nanopores are ~4 %, and such high ZT are competitive compared with other 
cheap and low-toxic high performing thermoelectric materials (e.g. Cu2Se or Mg3Sb2) at high 
temperature, as shown in Figure 5.19. 
 
Figure 5.19 A comparison between our nanoporous SnSe with other cheap non-toxic high 
performing thermoelectric materials.7, 14-22 
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Chapter 6 Achieving High Thermoelectric Performance in p-
type Cu-Doped SnSe 
6.1 Overview 
Because of the low σ values derived from low p, the ZT values were undesirable for un-doped 
polycrystalline SnSe, so that there is a great potential to enhance ZT through effective band 
engineering, which has been widely used for tuning n/p to achieve desired σ. Various 
elements, such as alkali metals (Na and K), I-B group metals (Cu and Ag), and halogens (Cl, 
Br and I), have been used as dopants in either p-type or n-type SnSe. As a typical I-B group 
metal and its abundant availability in earth, Cu, each atom having 1 valence electron (similar 
to alkali metals), becomes a good candidate to tune p, and in turn to improve σ. However, 
the fundamental mechanisms, such as Cu doping limit and its valence state in SnSe, are still 
unclear. Recent studies showed that to achieve a homogeneous Cu doping in SnSe is a 
challenge, and the secondary phase (such as Cu2Se) generated during the synthesis was 
difficult to be removed from the system via the post melting route. Furthermore, there was no 
direct structural evidence to demonstrate the doping behaviours of Cu in SnSe crystals. 
Therefore, it needs an urgent attention to clarify these fundamentals via critical structural and 
chemical characterizations, which will illustrate doping behaviours, and effectively improve σ 
to benefit the energy conversion efficiency. 
Herein, we, for the first time, report an ultrahigh Cu solubility of 11.8 % in single crystal SnSe 
microbelts synthesized via an advanced solvothermal method. The pellets sintered from the 
heavily Cu-doped microbelts show a high S2σ of 5.57 μW cm-1 K-2 and low κ of 0.32 W m-1 K-
1 at 823 K, leading a high peak ZT of ~1.41. Through combination of detailed structural (XRD, 
SEM, TEM and Cs-STEM) and chemical (EDS, XPS and EPMA) characterizations, it is found 
that with increasing the Cu doping level, the morphology of synthesized Sn1-xCuxSe (x is from 
0 to 0.118) transfers from rectangular microplate to microbelts. The obtained Cu+ doped 
states contribute to a high electrical transport performance, and intensive crystal 
imperfections such as dislocations, lattice distortion, and strains, play a key role in keeping 
ultralow thermal conductivity. This study fills in the gaps of fundamental doping mechanisms 
of Cu in SnSe system, and provides a new perspective to achieve high thermoelectric 
performance in polycrystalline SnSe. This work was published in Chemical Science, 2018, 9: 
7376-7389. DOI: 10.1039/C8SC02397B. 
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6.2.1 Abstract 
In this study, we, for the first time, report a high Cu solubility of 11.8 % in single crystal SnSe 
microbelts synthesized via an advanced solvothermal route. The pellets sintered from these 
heavily Cu-doped microbelts show a high power factor of 5.57 μW cm-1 K-2 and low thermal 
conductivity of 0.32 W m-1 K-1 at 823 K, contributing to a high peak ZT of ~1.41. Through 
combination of detailed structural and chemical characterizations, we found that with 
increasing the Cu doping level, the morphology of synthesized Sn1-xCuxSe (x is from 0 to 
0.118) transfers from rectangular microplate to microbelt. The high electrical transport 
performance comes from the obtained Cu+ doped state, and the intensive crystal 
imperfections such as dislocations, lattice distortions, and strains, play key roles in keeping 
low thermal conductivity. This study fills in the gaps of the existing knowledge concerning the 
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doping mechanisms of Cu in SnSe system, and provides a new strategy to achieve high 
thermoelectric performance in SnSe-based thermoelectric materials. 
 
6.2.2 Introduction 
With the capability of direct converting between heat and electricity, thermoelectric materials 
provide a promising alternative energy supplement in applications by collecting the waste-
heat and assisting in finding new energy solutions.1-2 To evaluate the converting efficiency, 
the unitless figure-of-merit ZT is defined as ZT = S2σT/κ and κ = κe + κl, where σ, S, κ, κl, κe, 
and T are the electrical conductivity, the Seebeck coefficient, the thermal conductivity, the 
lattice thermal conductivity, the electrical thermal conductivity, and the absolute 
temperature,3-5 respectively. A high ZT need a low κ and a high power factor (S2σ). Since S, 
σ and κe are strongly coupled through the carrier concentration (n/p), to achieve high ZTs is 
historically difficult. It is essential to explore a desired electrical transport property to 
strengthen the energy conversion efficiency, and realize a low thermal transport speed to 
relieve the heat loss at the same time. To achieve this goal, with a narrow band-gap of ~0.9 
eV,2, 6-7 tin selenide (SnSe) has been paid great attention for applications in low-cost 
thermoelectrics.8-11 A remarkable high peak ZT of ~2.6 was reported along the b-axis of p-
type SnSe crystals,8 where the performance benefited from the crystals’ reasonable σ and 
low κ at 923 K.12 However, suffered from their prospective high production cost and poor 
mechanical properties, SnSe crystals are difficult to employed in thermoelectric devices, and 
their critical crystal-growth techniques have considerable limitations for industrial scale-up.13 
Meanwhile, there are strong controversy on the high ZT of SnSe crystals due to that the κ 
values determined in these crystals are not their intrinsic values,14-15 and the reinvestigation 
of single crystals demonstrated much higher κ.15 To overcome these challenges, 
polycrystalline SnSe has been considered as an alternative approach16. However, due to the 
low σ values derived from low hole carrier concentration p (< 1018 cm-3), the ZT values (< 0.3) 
were undesirable for un-doped polycrystalline SnSe.8 As indicated from previous 
calculations,17-18 the optimised p of p-type SnSe is ~3 ×1019 cm-3 to reach an enhanced ZT 
value, so that there is a great potential to enhance these values through effective engineering. 
Doping and/or alloying have been widely used for tuning n/p to achieve desired σ.19-20 Various 
elements, such as alkali metals (Na and K),21-28 I-B group metals (Cu and Ag),29-36 and 
halogens (Cl, Br and I),37-41 have been used as dopants in either p-type or n-type SnSe.16 As 
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a typical I-B group metal and its abundant availability in earth, Cu, each atom having 1 
valence electron (similar to alkali metals), becomes a good candidate to tune p,29 and in turn 
to improve σ.31 However, the fundamental mechanisms, such as Cu doping limit and its 
valence state in SnSe, are still unclear. Recent studies showed that to achieve a 
homogeneous Cu doping in SnSe is a challenge,29 and the secondary phase (such as Cu2Se) 
generated during the synthesis was difficult to be removed from the system via the post 
melting route.29 Furthermore, there was no direct structural evidence to demonstrate the 
doping behaviours of Cu in SnSe crystals. Therefore, it needs an urgent attention to clarify 
these fundamentals via critical structural and chemical characterizations, which will illustrate 
doping behaviours, and effectively improve σ to benefit the energy conversion efficiency. 
To explore these fundamental mechanisms and achieve a high thermoelectric performance 
at both low and high temperatures, in this study, we fabricated Cu-doped SnSe microbelts 
via an advanced solvothermal method as illustrated in Figure 6.1(a); from which a high 
doping limit of Cu (11.8 %) in SnSe microbelts was achieved for the first time. Secondary 
phase (Cu2Se) in the synthesized products can be found for the case when excessive Cu 
was doped in SnSe, but they were effectively removed through sonic separation and 
centrifuging technique after the solvothermal synthesis. Through detailed structural 
characterization as illustrated in Figure 6.1(b), it was found that with increasing the Cu doping 
level, the morphology of Sn1-xCuxSe (x is from 0 to 0.118) can be tuned from rectangular 
plates to microbelts. Both Cu+ and Cu2+ valence states were confirmed in the synthesized 
Sn1-xCuxSe via XPS analysis. The observed lattice distortion plays a dominant role in keeping 
the heavily doped SnSe microbelts in the orthorhombic structure. After sintered into pellets 
as illustrated in Figure 6.1(c), the comprehensive thermoelectric properties, such as carrier 
mobility (μ), p, σ, S, S2σ, and κ, are measured and calculated, which lead to a high ZT of 
~1.41 at 823 K when x = 0.118, as shown in Figure 6.1(d), indicating that our heavily Cu-
doped SnSe has full potential for applications in high temperature thermoelectric devices. 
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Figure 6.1 Illustrations of heavily Cu-doped SnSe (Sn1-xCuxSe): (a) fabrication process, (b) 
characterization techniques used, (c) sintering process, and (d) obtained ZT values. 
 
6.2.3 Results and Discussion 
To understand the extraordinary thermoelectric performance found in our heavily Cu-doped 
SnSe, we first investigate the solubility of Cu in SnSe via X-ray diffraction (XRD) analysis and 
electron probe micro-analysis (EPMA), and then study the valence state of Cu in SnSe via 
X-ray photoelectron spectroscopy (XPS). Detailed characterizations by scanning electron 
microscopy (SEM), high resolution transmission electron microscopy (HR-TEM), spherical 
aberration corrected scanning transmission electron microscopy (Cs-STEM) with high-angle 
annular dark-field (HAADF) imaging and energy dispersive spectroscopy (EDS) are 
presented and discussed to explain the fundamental reason of secured high thermoelectric 
performance. 
In this study, we use Na2SeO3 as Se source, SnCl2·2H2O as Sn source, and CuCl2 as Cu 
doping source. To study the solubility of Cu in SnSe, we define the mole percentage r of 
CuCl2 in the total amount of CuCl2 and SnCl2·2H2O. The selected r values in this study were 
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0 % (no CuCl2 added), 1 %, 2 %, 5 %, 7.5 %, 10 %, 20 %, and 30 %, respectively. Through 
detailed EPMA studies, the Cu doping level (defined as x for Sn1-xCuxSe) from different r 
values were found as 0 %, 1 %, 2 %, 5 %, 7.5 %, 10 %, 11.8 %, and 11.8 %, respectively, 
indicating the solubility of Cu in SnSe system is 11.8 %. In the cases of r = 20 % and 30 %, 
obvious secondary phase of Cu2Se can be identified when the doping concentration beyond 
the solubility (11.8 %) of Cu in SnSe system. However, the secondary phase can be 
effectively removed through ultrasonic separation and centrifuging technique after the 
solvothermal synthesis, the detailed discussion is shown in Supporting Information (ESI), 
Figure 6.9(a-c). Therefore, the obtained final synthesized products with r = 20 % and 30 % 
are almost single phased Sn0.882Cu0.118Se microbelts. 
To investigate the structural characteristics of our synthesized products, Figure 6.2(a) shows 
their XRD patterns. All diffraction peaks for all products can be exclusively indexed as the 
orthorhombic-structured SnSe, and a Pnma space group (Standard Identification Card, 
JCPDS 48-1224). As can be seen in Figure 6.2(a), the strongest peak is the 400* peak for 
all products, suggesting that all products should possess significant {100} surfaces. Because 
the 400* peak is much more significant than other peaks, it is hard to see most of the peaks 
in detail. To solve this problem, we magnified one of our XRD pattern (r = 20 %) as shown in 
Figure 6.9(c) in ESI, from which all peaks can be exclusively indexed as the orthorhombic-
structured SnSe, and no secondary phase can be found. Figure 6.2(b) shows detailed 400* 
diffraction peaks for different r values, indicating that for r > 0 %, all 400* peaks are deviated 
from the standard value at 2θ = 31.081°. Even for r = 0 %, the slightly right-shifted 400* peak 
indicates the Sn vacancies existed in SnSe structure.10 Our extensive EPMA studies found 
that the true atomic ratio of Sn:Se is ~0.996:1. With increasing the Cu doping level, the 400* 
peaks shift towards a higher 2θ, indicating that Cu atoms are incorporated into the SnSe 
lattice. Because the size of Cu ions is smaller than Sn ions, the Cu-doping leads to a decrease 
of the lattice parameter a.42 However, for r > 10 %, no further observable shift of the 400* 
peak suggests that the doping limit of Cu in SnSe is reached, agreeing with the EMPA results, 
which is a surprising value. To double confirm this, we also synthesized products with r = 
11.8 %, as shown in the yellow regions in both Figure 6.2(a-b). It is clear to see that the peak 
shift from r = 11.8 % is same to that from r = 20 % and r = 30 %, indicating the solubility of 
Cu in SnSe structure is 11.8 %. Detailed discussion about the variations of calculated lattice 
parameters (a, b, and c) and unit cell volume can be seen in Figure 6.10 in ESI. 
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Figure 6.2 (a) XRD patterns of synthesized products with different r and x values, (b) 
magnified XRD patterns to see the peak deviation at 400*. SEM images of synthesized 
products for (c) x = 0, (d) x = 0.05, and (e) x = 0.118, to see the morphology variation, (f) 
magnified SEM image of synthesized products for x = 0, (g) magnified SEM image of circled 
area in (f) to show the (100) surface, (h) magnified SEM image of synthesized products for x 
= 0.118, and (i) magnified SEM image of circled area in (h) to show the (100) surface. 
 
Cu doping has been reported to contribute to a morphology and/or facet change for many 
materials during their single crystal growth via various solution methods.43-45 For the case of 
single crystal SnSe synthesized via our solvothermal route, morphological evolution in Cu-
doped SnSe was also observed. Figure 6.2(c-e) show typical SEM images of synthesized 
products for x = 0, 0.05, and 0.118 (r = 20 %), respectively. For x = 0, as shown in Figure 
6.2(c), the synthesized products have typical rectangular plate-like morphology, and their 
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lateral dimensions vary between 30 and 200 µm, similar to the reported morphology.10, 46 
Interestingly, with increasing x, the morphology of SnSe gradually transfers from rectangular 
plate-like into long belt-like morphology. More evidences of the morphology transition are 
shown in Figure 6.11(a-f) in ESI. To determine the preferred facets for different x values, 
detailed SEM investigations were performed. Figure 6.2(f) shows a SEM image of 
synthesized SnSe plates with x = 0, from which the circled area is magnified as shown in 
Figure 6.2(g), in which (100) surface is labelled. It is of interest to note that compared with 
other surfaces, the SnSe microplates possess significant {100} surfaces, which explains why 
400* is the strongest peak. To illustrate the potential surfaces of our SnSe microplates, we 
simulate the single crystal microplate of SnSe via using software (WinXMorph),47 and 
corresponding crystal model is shown in Figure 6.12(a) in ESI. On the other hand, Figure 
6.2(h) shows the SEM image taken from a typical Sn0.882Cu0.118Se microbelt, from which the 
circled area is also magnified as shown in Figure 6.2(i) with labelled (100) surface. {100} are 
still the most significant surfaces on the microbelts. Besides, Figure 6.2(i) shows many 
surface steps parallel to the axial direction of the belt, which should be caused from the 
irregular stacking of Sn-Se thinner belts. To illustrate the facets of our heavily Cu-doped SnSe, 
we also simulate the single crystal microbelts via using software (WinXMorph),47 and 
corresponding crystal model is shown in Figure 6.12(b) in ESI. 
Figure 6.3(a) is a TEM image taken from a typical SnSe microplate, in which the electron 
beam is parallel to the normal of the plate. Figure 6.3(b-c) are HRTEM image and selected 
area electron diffraction (SAED) pattern taken from the thin corner area, and show that the 
plate has the orthorhombic structure and has a {100} surface. Figure 6.3(d) is a TEM image 
taken from a section of a typical Sn0.882Cu0.118Se microbelt with a width of ~300 nm. The inset 
is the SAED pattern taken along the [100] zone-axis, showing the axial direction of the belt 
is parallel to the [011̅] direction. Figure 6.3(e) is the corresponding HRTEM image, showing 
the typical orthorhombic structure. Dislocations are often found through our HRTEM 
investigations, and an example is shown in the inset in Figure 6.3(e). Figure 6.3(f) is a 
HRTEM image taken from a relatively larger area in a belt, and shows a significant strain 
contrast. Such strain contrast should be caused by the local non-uniformity of Cu doping and 
possible mixture of Cu+ and Cu2+. To confirm this, energy dispersive spectroscopy (EDS) 
mapping was performed. We used Mo grid rather than Cu grid to avoid Cu impact from the 
grid. Figure 6.3(g) shows the EDS maps for Se, Sn, and Cu, and overlapped images from a 
typical microbelt, respectively. All the elements are well distributed, indicating the success 
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doping of Cu in SnSe system. The local non-uniformity of Cu can also be seen. Besides, 
extensive EDS measurement are used to analyse the Cu concentration, and an example is 
shown in Figure 6.3(g), which agrees with our EPMA analysis.
 
Figure 6.3 (a) TEM image of a typical SnSe microplate for x = 0, corresponding (b) HRTEM 
image and (c) SAED pattern taken from the plate shown in (a), (d) TEM image of a section 
of a typical SnSe microbelt for x = 0.118, inset showing the corresponding SAED pattern, (e) 
corresponding HRTEM image with a dislocation shown in inset, (f) TEM image showing 
significant strain contrast, and (g) EDS map and spot analysis taken from a typical SnSe 
microbelt for x = 0.118. 
 
To understand the detailed structural characteristics of the Sn(Cu)/Se slabs stack, Cs-
corrected STEM-HAADF investigations were performed. Figure 6.4(a) is a STEM-HAADF 
image taken from a typical Sn0.882Cu0.118Se microbelt viewed along the a-axis, which also 
shows non-uniform contrast and varied structural patterns, suggesting the local elemental 
158 
 
variation. This explains the strain contrast observed in Figure 6.3(f). In fact, such local 
compositional variation and dislocations cause lattice distortions, which in turn enhance the 
phonon scatterings. Figure 6.4(b-c) show HR-STEM HAADF images of Area-1 and Area-2 
indicated in Figure 6.4(a), respectively. For Area-1, the overlays in Figure 6.4(b) show lattice 
parameters, axes, and Sn/Cu atoms in purple and Se atoms in green (shown in the dashed 
rectangular). The dashed white rectangle in the centre of overlays indicates the projected unit 
cell, and the theoretical values of c and b are 4.439 Å and 4.186 Å, respectively.48-49 Clear 
atomic structure of SnSe with no atom disarrangement was observed. Figure 6.4(d-e) are 
intensity line profile 1 (dashed orange line) taken along the c-axis and profile 2 (dashed blue 
line) taken along the b-axis in Figure 6.4(b), respectively. As can be seen, the measured cell 
parameter of c was ~0.44 nm, which is close to the calculated value (4.44 Å). Similar, the 
measured cell parameter of b in Figure 6.4(e) is ~0.41 nm, which also is close to the 
calculated value (4.13 Å). All these evidences demonstrate the nature of orthorhombic 
structure of SnSe. Considering the slight difference between peak intensity shown in Figure 
6.4(d-e), it is predicted that Cu2+ substitutes the position of Sn2+, resulting in weakened peaks. 
For Area-2, the yellow dash circles in Figure 6.4(c) show the areas with disordered 
arrangement of atoms. Figure 6.4(f) is an intensity line profile 3 taken from Figure 6.4(c) 
(dashed red line) along the c-axis, from which the measured disordered arrangement of 
atoms possesses a symmetry line, indicating the potential existence of Cu+ illustrated by the 
inserted crystal structure in Figure 6.4(f). 
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Figure 6.4 (a) STEM HAADF image of microbelt (x = 0.118) viewed along the a with strain 
fields. The Area-1 was taken from a normal area and the Area-2 was taken from an area 
across the strain field. HR-STEM HAADF images of (b) Area-1 and (c) Area-2. The overlays 
in (b) show cell parameters, axes, and Sn/Cu atoms in purple and Se atoms in green. The 
yellow dash circles in (c) show the areas with disordered arrangement of atoms. (d) Intensity 
line profile-1 with illustrated crystal structure viewed along the b-axis, (e) intensity line profile-
2 taken from (b) with illustrated crystal structure viewed along the c-axis, and (f) intensity line 
profile-3 taken from (c). 
 
To confirm the co-existence of Cu+ and Cu2+ in our Cu-doped SnSe, XPS analysis were 
performed. Figure 6.5(a) shows the survey scan for synthesized Sn0.882Cu0.118Se microbelts, 
indicating the presence of Sn 3d, Se 3d, and Cu 2p energy states, without any energy states 
of other elements except O and C. To analyse the detailed information of Sn, Se, and Cu, 
Figure 6.5(b-d) respectively show high-resolution scans of XPS spectra for Sn 3d, Se 3d, 
and Cu 2p; from which both Sn and Se atoms present one valence states. For Sn, the peaks 
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corresponding to Sn 3d3/2 and Sn 3d5/2 are singlet, and no accessorial binding energy peaks 
can be found, indicating the divalent characteristic of Sn ions. For Se, a binding energy peak 
at 53.7 eV is corresponding to Se 3d.46 For Cu, as shown in Figure 6.5(d), strong peaks 
corresponding to Cu 2p3/2 were observed at ~933 eV, indicating the successful doping in 
SnSe. Interestingly, there were two valence states for Cu ions (Cu+ for peak at 932 eV and 
Cu2+ for peak at 935 eV) in SnSe, which is a new finding in the doping behaviour of Cu. The 
quantified at. % of Cu agreed with proposed 11.8 % of Cu. 
 
Figure 6.5 (a) Survey scan of XPS spectra for synthesized products with x = 0.118, and high-
resolution scans of XPS spectra for (b) Sn 3d, (c) Se 3d, and (d) Cu 2p. 
 
To understand the thermoelectric properties of our Cu-doped SnSe microbelts, we sintered 
as-synthesized products (with x = 0, 0.01, 0.02, 0.05, 0.075, 0.1 and 0.118, respectively) into 
pellets, and cut the pellets into rectangular chips to measure and calculate the key properties 
(σ, S, S2σ and κ) between 300 and 873 K. Considering that all properties except S measured 
along the ⊥ directions (perpendicular to the sintering pressure) are higher than that measured 
along the // directions (parallel to the sintering pressure) due to the anisotropy (shown in 
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Figure 6.13 in ESI),8, 10, 50 we chose the ⊥ direction as the main measured direction in the 
following discussions. Figure 6.6(a) shows the measured temperature-dependent σ for 
pellets with different x values. After doping with Cu, the σ values were greatly enhanced at 
low temperature (from 300 to 450 K) and high temperature (above 773 K) when x = 0.118. 
As can be seen, two regions for σ are existed. From 323 to 573 K (the first region), a typical 
metallic transport behaviour can be observed. After heavily doped with Cu, the metal cations 
(especially Cu+) increased. In this situation, with increasing the temperature, the vibration of 
metal cations become more intensive than their un-doped counterpart, which severely 
impede the carrier transport, resulting in a drastic σ drop.8 From 573 to 873 K (the second 
region), it is a typical thermally activated semiconducting behaviour derived from the carriers 
thermal excitation, which is similar to the case of single crystals.8 Besides, the strong bipolar 
effect,51 arisen between 500 and 600 K, can produce additional holes, leading to a rapid p 
increase, and in turn increase σ.18 These results indicate that the doped Cu (mainly Cu+) can 
significantly improve the σ of pure SnSe at high temperature by strengthening the thermal 
excitation of carriers, even though resulting in a slight reducing of σ at medium temperature, 
which is why the pure SnSe sample outperforms most of the Cu-doped samples in this 
temperature range. 
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Figure 6.6 Plots of measured properties of (a) T-dependent σ, (b) T-dependent p, (c) T-
dependent μ, (d) T-dependent S, (e) T-dependent S2σ, (f) T-dependent κ with inset of T-
dependent D, (g) T-dependent κe, (h) T-dependent κl with inset of 1000/T-dependent κl, and 
(i) comparison of experimental ZTs with predicted plots for our Cu-doped SnSe pellets. 
 
As discussed above, the greatly enhanced σ after heavily Cu doping should come from the 
p enhancement in the Cu-doped SnSe, as suggested in our measured p and μ (refer to 
Figure 6.6(b-c), respectively). To clearly present the key properties, Table 6.1 summarizes 
measured p, μ, σ, S, S2σ, Cp, and κ of Cu-doped SnSe at both room temperature (300 K) and 
high temperature (873 K). As can be seen, with increasing the Cu doping level, p is drastically 
enhanced by roughly one order of magnitude from 1.82 × 1017 to 3.44 × 1018 cm-3 at room 
temperature, resulting in an obvious σ enhancement. This is because with increasing the Cu 
doping level, the proportion of Cu+ in SnSe system increased, resulting in p rise. For μ, Figure 
6.6(c) indicates their relations with T. In fact, the relation of power law (μ ∝ T d) governs the 
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variation of μ as a function of T.46, 52 There are two regions for μ. In the first region, from 300 
– 673 K, the μ decrease with T roughly following curves related to μ ∝ T -1.5, even though the 
curves are more fluctuant for Cu-doped SnSe, indicating that the scattering mechanism 
should still be dominated by acoustic phonon scattering.46, 52 In the second region, at high 
temperatures 673 – 873 K, the μ increase with T roughly following curves related to μ ∝ T 2.3, 
which contributes to higher electrical transport properties above 673 K, indicating that 
additional scattering mechanism should exist.46, 52 Previous studies show that potential 
barrier scattering at grain boundary and/or crystal defects combined with phonon scattering 
may cause such special μ ∝ T d relation.46, 53-54 Considering that our Cu-doped SnSe have 
intensive crystal defects, these results are reasonable. Meanwhile, with increasing the Cu 
doping level, μ decreases gradually, which should be derived from the lattice distortion in 
SnSe, which scattered the transport of carriers. Figure 6.6(d) shows the measured 
temperature-dependent S for pellets with different x values, in which giant S values can be 
observed in moderate temperature range (from 450 to 700 K), similar to the case of SnSe 
single crystals.8 The peak S value found in single crystals (~600 μV K-1 at 525 K along the a-
axis)8 is slightly lower than our peak S value (~700 μV K-1 at 523 K with x = 0.01). Such peak 
S values come from the bipolar transport.51 With increasing x, the bipolar transport occurred 
slightly shifts to a higher temperature, indicating the increase of p. Figure 6.6(e) shows 
determined temperature-dependent S2σ for pellets with different x values. It is clear to seen 
that the σ values play the dominant role in determining S2σ, and peak S2σ of 5.57 μW cm-1 
K-2 can be found at high temperature (823 K) in the Sn0.882Cu0.118Se pellet. 
 
Table 6.1 The ρ, p, μ, σ, S, S2σ, Cp, and κ of Cu-doped SnSe for x = 0, 0.01, 0.02, 0.05, 
0.075, 0.1 and 0.118 at both room temperature (300 K) and high temperature (873 K). 
Parameters x = 0 x = 0.01 x = 0.02 x = 0.05 x = 0.075 x = 0.1 x = 0.118 
ρ (g cm-3) 6.084 6.068 6.089 6.112 6.125 6.14 6.142 
p (cm-3) at 300 K  1.82×1017 2.84×1017 4.63×1017 9.48×1017 1.7×1018 2.94×1018 3.44×1018 
p (cm-3) at 873 K 1.81×1018 1.60×1018 2.31×1018 3.86×1018 6.48×1018 1.58×1019 2.04×1019 
μ (cm2 V-1 s-1) at 300 
K 160.7 112.9 85.6 76.2 71.6 58.3 57.2 
μ (cm2 V-1 s-1) at 873 
K 34.0 30.2 28.5 27.7 24.5 18.7 16.4 
σ (S cm-1) at 300 K 4.7 5.1 6.4 11.6 19.5 27.4 31.6 
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σ (S cm-1) at 873 K 9.9 7.7 10.5 17.1 25.4 47.5 53.7 
S (μV K-1) at 300 K 504.6 481.8 458.4 408.1 355.3 297.9 282.7 
S (μV K-1) at 873 K 433.5 422.3 406.2 387.2 356.8 324.6 315.3 
S2σ (μW cm-1 K-2) at 
300 K 
1.19 1.2 1.33 1.93 2.46 2.43 2.52 
S2σ (μW cm-1 K-2) at 
873 K 
1.85 1.38 1.74 2.57 3.24 5.01 5.34 
Cp (J g-1 K-1) at 300 K 0.273 0.272 0.270 0.260 0.257 0.253 0.252 
Cp (J g-1 K-1) at 873 K 0.288 0.286 0.283 0.272 0.267 0.264 0.262 
κ (W m-1 K-1) at 300 
K 
0.93 0.86 0.82 0.73 0.68 0.62 0.58 
κ (W m-1 K-1) at 873 
K 
0.47 0.45 0.43 0.4 0.36 0.33 0.33 
 
To further understand the electrical transport properties of our heavily Cu-doped SnSe, we 
performed density function theory (DFT) calculations to study the band structure evolution of 
SnSe after Cu-doping. Figure 6.7(a-b) show the calculated band structures of SnSe before 
and after heavily Cu-doping, respectively, and the valence band maxima are both pinned to 
0 eV in energy. For pure SnSe, as shown in Figure 6.7(a), two distinct conduction band 
minima can be observed around Y and at the Γ points of the Brillouin zone and are denoted 
as CB1 and CB2, respectively. For the valence band, six maxima can be clearly depicted, with 
two principal ones lying along the Γ-Z line. For heavily Cu-doped SnSe, as shown in Figure 
6.7(b), there are also two distinct conduction band minima around Y and at the Γ points of 
the Brillouin zone as CB1 and CB2. However, for the valence band, different from the pure 
SnSe, the maxima are not as sharp as pure SnSe, and obvious band convergence of multiple-
valences can be observed after heavily Cu-doping, which is responsible for the enhanced 
S2σ.2, 55 Figure 6.7(c-d) show the calculated density of state (DOS) of SnSe before and after 
heavily Cu-doping, respectively. Taking Figure 6.7(a-b) into the consideration, it is clear that 
the doped Cu (mainly by Cu_d) enhance the DOS at valence bands, indicating the increase 
of p, agreeing with the experimental results. Overall, the heavy Cu-doping can significantly 
improve the hole concentration in SnSe and result in an enhanced S2σ. 
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Figure 6.7 Calculated band structure of (a) SnSe and (b) Sn0.882Cu0.118Se, and the calculated 
density of state (DOS) of (c) SnSe and (d) Sn0.882Cu0.118Se. 
 
By using κ = D·Cp·ρ,10 the temperature-dependent κ for pellets with different x values can be 
calculated and plotted in Figure 6.6(f). The D values are plotted in the inset of Figure 6.6(f) 
as reference, and the measured Cp and ρ values are also listed in Table 6.1. With increasing 
x, κ decreases gradually, which should be derived from increased lattice distortions in SnSe, 
which contribute to effective phonon scatterings. A low κ of 0.32 W m-1 K-1 is achieved at 823 
K in the Sn0.882Cu0.118Se pellet. Because the densities of our sintered pellets are relatively 
high (all > 98.2 %),8, 14 these κ values are close to its intrinsic value of isotropic SnSe. To 
understand the observed low κ in our pellets, we investigate the lattice contributions (κl) and 
electrical contributions (κe). κe and κl are determined by κe = L·σ·T and κl = κ - κe according 
to the Wiedemann-Franz law,56 where L is the Lorenz number and L = ~1.5×10-8 V2 K-2 is 
used in this study calculated using the single parabolic band model,57-59 as shown in Section 
6.3.6 in ESI with calculation details. In fact, L = 1.5×10-8 V2 K-2 has been widely used 
previously due to that for SnSe, the κ significantly depend on phonon scattering.2, 8, 10, 16 
Figure 6.6(g) plots of the determined temperature-dependent κe for pellets with different x 
166 
 
values, in which the obtained σ shown in Figure 6.6(a) were used for determining κe. Our 
obtained κe possesses the same trend of σ, but the values are very low (all < 0.05 W m-1 K-1 
in the entire temperature). Figure 6.6(h) plots κl using κl = κ - κe for pellets with different x 
values, where all κl values are significantly low, and particularly only ~0.25 W m-1 K-1 at 823 
K for x = 0.118. It should also be noticed that our achieved κl are close to the calculated 
minimum κl (κl min) via a classical Debye-cahill model,60 from which the calculated κl min were 
0.26, 0.36 and 0.33 W m-1 K-1 along the a-, b- and c-axis,8, 17 respectively. In fact, because 
this calculation is based on the intrinsic SnSe with no doping and an ideal relative density of 
100 %, our achieved κl are slightly lower than the calculated κl min, which is reasonable. The 
inset of Figure 6.6(h) is the plots of κl as a function of 1000/T for pellets with different x values 
and all show a linear relationship, indicating that the phonon scatterings are dominated by 
the Umklapp phonon scattering.61-62 Such low κl values are attributed to the strongly 
anharmonic bonding,8, 62-67 as well as the crystal imperfections such as the lattice distortions 
caused by local non-uniform doping and dislocations and grain boundaries (or interfaces).68-
69 The calculated κl/κ ratio for our pellets are all greater than 80 %, indicating that the phonon 
transport dominates κ, as shown in Figure 6.14(b) in ESI. Figure 6.6(i) shows a comparison 
of experimental ZTs with predicted values by calculations at 823 K, the calculation was based 
on a single parabolic band model (detailed calculations can be seen in Section 6.3.6 in 
ESI).57-59, 70 It is clear that the our measured p value (2.04×1019 cm-3) is very close to the 
predicted value (~3×1019 cm-3), which can result in a peak ZT of ~1.5, indicating that there 
are still room for achieving higher ZT. 
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Figure 6.8 (a) XRD patterns of sintered SnSe pellets (both pure SnSe and Sn0.882Cu0.118Se) 
measured along both the ⊥ (yellow line) and // (blue line) direction, (b) magnified XRD 
patterns to see the peak deviation at 111* and 400*. SEM images of polished surfaces taken 
from sintered (c) SnSe and (d) Sn0.882Cu0.118Se pellets, (e) corresponding EDS mapping 
results for (d), (f) magnified TEM image taken from a laminar TEM specimen sliced using 
Ultramicrotone as shown in the inserted TEM image, (g) [100] zone-axis HRTEM image with 
inserted FFT patterns to show strain contrast, and (h) HRTEM image to show a grain 
boundary. 
 
To further understand the low κl, we analysed our sintered pellets by XRD, SEM and TEM 
characterizations, and the results are shown in Figure 6.8. Figure 6.8(a) is typical XRD 
results for both pure SnSe and Sn0.882Cu0.118Se pellets, all diffraction peaks for all sintered 
pellets can be exclusively indexed as the orthorhombic structured SnSe, and a space group 
of Pnma (Standard Identification Card, JCPDS 48-1224), indicating that the compositional 
features successfully kept after sintering, and no other phase was observed. Figure 6.8(b) is 
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magnified XRD patterns and shows the peak deviation at 111* and 400*, from which the 
samples cut along the ⊥ direction show a strong 400* peak, and the samples cut along the // 
direction shows a strong 111* peak. Compare with the XRD results of the two pellets, it is 
clear that the 111* peak of Sn0.882Cu0.118Se was much stronger than that of pure SnSe along 
the ⊥ direction, and the 400* peak of Sn0.882Cu0.118Se was also stronger than that of pure 
SnSe along the // direction, both indicating that Sn0.882Cu0.118Se pellets possess much weaker 
anisotropy than pure SnSe pellets. Besides, compared with the pure SnSe pellets, the 111* 
and 400* peaks from Sn0.882Cu0.118Se pellets shift towards a higher 2θ, indicating that Cu 
atoms are still incorporated into the SnSe lattice. Figure 6.8(c-d) show SEM images of 
polished surfaces taken from sintered pure SnSe and Sn0.882Cu0.118Se pellets along their ⊥ 
directions, respectively. The comparison indicates that Cu-doped SnSe pellet possesses 
much smaller grain size than that of pure SnSe pellet, derived from the difference of their 
products sizes before sintering. Besides, this comparison also explains why the anisotropy 
of thermoelectric performance for the Sn0.882Cu0.118Se pellet becomes weaker than that of the 
pure one. Figure 6.8(e) shows the corresponding EDS maps results for the Sn0.882Cu0.118Se 
pellet, from which all elements are uniform at a microscale, indicating the stability of 
compositions before and after sintering. Through detailed EPMA studies on the 
Sn0.882Cu0.118Se pellet, the ratio of Sn:Cu:Se was measured as 44.12:5.89:49.99, indicating 
the stable composition of Sn0.882Cu0.118Se. Figure 6.8(f) is a magnified TEM image taken 
from a laminar TEM specimen sliced using Ultramicrotone (inset TEM image in Figure 6.8(f)), 
in which cracks (fractured during Ultramicrotone) can be seen due to the weak van der Waals 
force between Sn-Se layers. Nevertheless, crystals can be seen between the cracks, which 
can be used to evaluate the structural characteristics of sintered pellets. Figure 6.8(g) is a 
[100] zone-axis HRTEM image with inset fast Fourier transform (FFT) pattern, where strain 
contrast is observed. Figure 6.8(h) is another HRTEM image taken from a typical grain 
boundary. Such local structural variations causes lattice distortions, which in turn enhance 
the phonon scatterings and contribute to low κl. All these results demonstrate that the 
compositional and structural features have been successfully maintained during the sintering. 
In fact, the “intensive crystal imperfections” were derived from the synthesis, which has been 
shown in Figure 6.3 and 6.4. 
 
Table 6.2 A comprehensive summary on the thermoelectric performance of the p-type doped 
polycrystalline SnSe. Here solvothermal is abbreviated as ST, hydrothermal is abbreviated 
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as HT, melting is abbreviated as M, zone-melting is abbreviated as ZM, annealing is 
abbreviated as A, solid-state solution is abbreviated as SSR, mechanical alloying is 
abbreviated as MA, and hot-pressing is abbreviated as HP. The * means the p values were 
measured at room temperature. 
Product Synthetic 
Method 
ZT T 
(K) 
σ (S 
cm-1) 
S (μV 
K-1) 
S2σ 
(mW 
m-1 K-2) 
κ (W 
m-1 K-
1) 
p (1019 
cm-3) 
ρ (g 
cm-3) 
Ref. 
11.8% Cu-
doped SnSe 
ST+SPS 1.41 823 ~55.9 ~315.6 ~0.57 ~0.32 1.95 ~6.14 This 
wor
k 
Sn0.97Cu0.03Se M+HP 0.79 823 ~35.0 ~325.1 ~0.37 ~0.39 ~0.01
6* 
6.16 31 
Sn0.98Cu0.02Se M+A+SPS 0.7 773 ~42.4 ~238.6 ~0.24 0.27 18.4* ~6.12 29 
Sn0.99Cu0.01Se HT+HP 1.2 873 ~36.4 ~313.8 ~0.35 ~0.2 - - 71 
Sn0.99Ag0.01Se M+A+HP 0.6 750 ~45.9 ~344.1 ~0.54 ~0.68 ~0.35* ~5.93 33 
Sn0.99Ag0.01Se M+A+SPS 0.74 823 ~54.8 ~330.9 0.6 ~0.66 1.9* ~5.99 32 
Sn0.985Ag0.015Se M 1.3 773 ~44.7 ~344.0 ~0.52 ~0.30 ~0.8* 5.87 35 
Sn0.97Ag0.03Se ST+SPS 0.8 850 ~90.3 ~266.2 ~0.64 ~0.68 0.9* >5.56 36 
Sn0.99Na0.01Se M+A+SPS 0.85 800 ~100.4 ~271.5 ~0.74 ~0.50 ~6.5* 5.94 24 
Sn0.99Na0.01Se M+SPS 0.75 823 ~49.6 ~311.1 0.48 ~0.53 1.0* ~5.99 22 
Sn0.99Na0.01Se M+SPS ~0.8 800 ~81.2 ~267.2 ~0.58 ~0.50 ~1.5 - 21 
Sn0.985Na0.015Se M+MA+HP ~0.8 773 ~37.9 ~298.8 ~0.34 ~0.33 ~2.1* 5.81 23 
Sn0.98Na0.02Se SPS 0.87 798 ~56.4 ~288.8 0.47 0.4 3.08* ~5.81 26 
Sn0.97Na0.03Se SPS 0.82 773 ~65.1 ~280.2 ~0.51 ~0.50 ~2.2 ~5.93 72 
Sn0.99Na0.005K0.0
05Se 
MA+SPS 1.2 773 ~34.9 ~374.7 ~0.49 0.32 ~7.2* 5.71 25 
Sn0.995Na0.005Se
Cl0.005 
SSR+HP 0.84 810 ~79.2 ~228.6 ~0.41 ~0.39 ~3.95* ~5.93 73 
Sn0.99Na0.01Se0.8
4Te0.16 
MA+SPS 0.72 773 ~67.4 ~275.0 ~0.51 ~0.50 - - 74 
(Sn0.96Pb0.04)0.99
Na0.01Se 
M+SPS ~1.2 773 ~89.4 ~269.7 ~0.65 ~0.45 ~2.8 - 27 
Sn0.99K0.01Se MA+SPS ~1.1 773 ~18.6 ~421.4 ~0.33 ~0.24 0.92* - 28 
Sn0.995Tl0.005Se M+HP 0.6 725 ~68.9 ~300.0 ~0.62 ~0.75 - ~5.99 75 
Sn0.99In0.01Se M+HP 0.2 823 ~6.53 ~350.0 ~0.08 ~0.36 ~0.03* ~5.87 76 
Sn0.9Ge0.1Se M - 400 - ~843.2 - ~0.39 - - 77 
Sn0.96Ge0.04Se ZM+HP 0.6 823 35.6 ~378.5 0.51 ~0.7 ~0.03* >5.81 78 
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Sn0.99Zn0.01Se M+HP 0.96 873 ~74.1 ~328.5 0.8 ~0.73 ~0.45 - 79 
Sn0.97Sm0.03Se M+HP 0.55 823 ~33.6 ~250.0 ~0.21 ~0.32 ~0.01
3* 
- 42 
SnSe0.985Cl0.015 M 1.1 773 ~25.5 ~399.3 ~0.41 ~0.30 ~0.01* 5.87 35 
SnSe0.9Te0.1 ST+SPS 1.1 800 ~57.4 ~322.8 ~0.60 ~0.44 ~1* ~5.87 55 
 
To compare the thermoelectric properties in more detail, Table 6.2 summaries the main 
thermoelectric properties, including ZT, σ, S, S2σ, κ, p and ρ with the similar studies of p-type 
doped SnSe. As can been seen, the low κ and moderate σ play the dominant role in achieving 
the competitive high ZT in our heavily Cu-doped SnSe. Section 6.3.7 in ESI also summaries 
both average and peak ZT with the similar studies of p-type doped SnSe, indicating that our 
heavily Cu-doped SnSe is very competitive. 
 
6.2.4 Conclusion 
In conclusion, a high doping limit of Cu at 11.8 % is achieved in single crystal Cu-doped SnSe 
microbelts for the first time synthesized via a facile solvothermal method. Through detailed 
structural and chemical characterizations, with increasing the Cu doping level, the 
morphology of Cu-doped SnSe transfer from rectangular plates to microbelts. Both Cu+ and 
Cu2+ co-exist in the microbelts. Lattice distortions are observed, which play a dominant role 
in keeping the heavily doped SnSe microbelts in orthorhombic structure. Besides, the pellets 
sintered from such heavily Cu-doped microbelts possess high thermoelectric performance. 
High ZT value of ~1.41 at 823 K is achieved, coming from the high power factor and low 
thermal conductivity. This study fills in the gaps of the existing knowledge concerning the 
doping mechanisms of Cu in SnSe system, and provides a new strategy to achieve high 
thermoelectric performance in SnSe-based thermoelectric materials. 
6.2.5 Experimental Section 
Fabrications. The precursors include SnCl2·2H2O (99.99 %), Na2SeO3 (99.99 %), CuCl2 
(99.99 %), ethylene glycol anhydrous (99.8 %), and NaOH (99.99 %), all of which were 
purchased from Sigma-Aldrich Co. LLC. The solvothermal reactions can be expressed as:46 
SnCl2·2H2O 
𝐶2𝐻6𝑂2
→     Sn2+ + 2Cl- + 2H2O     (6-1) 
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CuCl2 
𝐶2𝐻6𝑂2
→     Cu2+ + 2Cl-       (6-2) 
4Cu2+ + C2H6O2 
 𝐻𝑒𝑎𝑡𝑖𝑛𝑔
→       4Cu+ + C2H2O2 + 4H+    (6-3) 
Na2SeO3 
𝐶2𝐻6𝑂2
→     2Na+ + SeO32-      (6-4) 
SeO32- + C2H6O2 
 
→ Se + C2H2O2 + H2O + 2OH-   (6-5) 
Se + Sn2+ 
 
→ Se2- + Sn4+       (6-6) 
(1-x-y)Sn2+ + xCu2+ + yCu+ + Se2- 
 
→ Sn1-x-yCux+ySe. (Not balanced) (6-7) 
Here, NaOH (99.99 %) was used to adjust the environment of solvent, and ethylene glycol 
(EG, 45 ml) acted as both the solvent and the reducing agent, which benefited the ion 
reaction.46, 80-81 The solution was kept stirring for 10 min at room temperature, then was 
sealed in a polytetrafluoroethylene-lined stainless steel autoclave (125 ml). The autoclave 
was heated at 230 °C for 36 h in an oven, followed by furnace-cooled to room temperature. 
The synthesized products were collected by centrifugation, and the secondary phase (Cu2Se) 
were removed via ultrasonic-assisted sedimentation. The purified products were then washed 
by ethanol and deionized water for several times, before drying in the oven at 60 °C for 15 h. 
Characterizations. The synthesized products were characterized by XRD (Bruker-D8) to 
determine their crystal structures, and by XPS (Kratos Axis Ultra) to determine the valence 
state of Cu in SnSe (the energy scale was calibrated by carbon). The lattice parameters were 
obtained by analysing the diffraction patterns with the JADE software package. EPMA (JEOL 
JXA-8200) was used to determine their compositions. SEM (JSM-6610, JEOL Ltd.) was used 
to perform morphological characteristics of synthesized products, and HR-TEM (TECNAI-
F20) and Cs-corrected HR-STEM (Titan-G2) were used to characterize their structural and 
chemical features. The TEM specimens of sintered specimens were prepared by slicing the 
sample using Ultramicrotone. 
Property measurement. The synthesized products were sintered by spark plasma sintering 
(SPS, SPS-211Lx, Fuji Electronic Co., Ltd.) with a pressure of 60 MPa at 900 K for 5 min to 
form disc-shaped pellets with a dimension of Ф = 12.6 mm and h = 8.0 mm. The Archimedes 
method was used to measure the density ρ. A Seebeck coefficient/electric resistivity 
measuring system (ZEM-3, ULVAC Technologies, Inc.) was used to simultaneously measure 
σ and S between 300 and 873 K. The laser flash diffusivity method (LFA 457, NETZSCH 
Group) was used to measure the thermal diffusivity D, and κ was calculated by κ = D·Cp·ρ,8 
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where Cp is the specific heat capacity obtained by differential scanning calorimetry (DSC 404 
C; NETZSCH Group). The van der Pauw technique was used to measure n under a reversible 
magnetic field of 1.5 T. Each pellet is measured for at least 3 times to ensure the repeatability 
of their thermoelectric properties. The measured repeatability is achieved with fluctuations of 
σ, S and κ being 10 %, 1.5 % and 5 %, respectively, as shown in Figure 6.16 in ESI. 
Calculations. The DFT calculations were based on the full potential linearized augmented 
plane-wave (FP-LAPW)55 implemented in the WIEN2K code.55 Supercells of 2 × 2 × 2 unit 
cells of SnSe were built for the purpose of randomly replacing Se sites with Cu atoms. The 
generalized gradient approximation (GGA) and the Perdew-Burke-Ernzerhof (PBE) 
functional were used to describe the exchange and correlation interactions.55 The electronic 
band structures and the density of states were calculated after self-consistency cycle 
calculation with the convergence criteria set as energy less than 0.0001Ry and the leaking 
charge less than 0.0001 eV. 
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6.3 Supporting Information 
6.3.1 Demonstration of Removing Cu2Se 
To make a clear claim for the demonstration of removing Cu2Se secondary phase, we add 
three detailed XRD patterns of synthesized products with r = 10 %, r = 20 % with Cu2Se 
secondary phase, and r = 20 % after removing the Cu2Se secondary phase, respectively, as 
shown in Figure 6.9(a-c). It can be seen that when r = 10 %, there is no Cu2Se secondary 
phase, indicating that it has not reached the Cu solubility. Figure 6.9(b) shows that Cu2Se 
secondary phase has been observed when r = 20 % and indicate the products have reached 
the Cu solubility. The Cu solubility was analyzed to be 11.8 % via electron probe micro-
analysis (EPMA). Also, when r = 20 % after removing the Cu2Se secondary phase, no Cu2Se 
can be found, indicating that high pure SnSe phase can be achieved by our solvothermal 
method. 
 
Figure 6.9 Detailed XRD patterns of synthesized products with (a) r = 10 %, (b) r = 20 % 
before removing Cu2Se secondary phase, and (c) r = 20 % after removing Cu2Se secondary 
phase. 
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6.3.2 Transitions of Lattice Parameters 
Figure 6.10(a-c) are the plots of the calculated lattice parameters (a, b, and c). As can be 
seen, with increasing r, both a and b decrease until the solubility (11.8 %) of Cu in SnSe is 
reached. For c, however, the value slightly fluctuates in the entire range of r. This result 
suggests that there may be special atomic arrangement in our heavily Cu-doped SnSe, 
resulting in a morphology change for the single crystal products. From determined lattice 
parameters shown Figure 6.10(a-c), the unit cell volumes for different r can be calculated. 
Figure 6.10(d) shows the result, in which the unit cell shrinks is found with increasing r. 
Considered that the radius of Cu+ (0.077 nm) or Cu2+ (0.073 nm) are much smaller than that 
of Sn2+ (0.112 nm) and Se2- (0.198 nm), the unit cell shrinkage is expected. 
 
Figure 6.10 The determined r-dependent lattice parameters (a) a, (b) b, (c) c, and (d) unit 
cell volumes. The dashed line indicates the solubility of Cu. 
 
6.3.3 Detailed Morphological Transition 
To demonstrate the morphological transition of synthesized products with increasing x values, 
intensive SEM investigations are performed. Figure 6.11(a-f) show the SEM images of 
synthesized products for x = 0, x = 0.01, x = 0.05, x = 0.1, x = 0.118 when r = 20 %, and x = 
0.118 when r = 30 %, respectively. It is clear to see that with increasing x, the morphology of 
SnSe products gradually transfers from rectangular plate-like into long belt-like morphology. 
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Meanwhile, when x reaches to 0.118, the morphology does not change, indicating the 
solubility of Cu. 
 
Figure 6.11 SEM images of synthesized products for (a) x = 0, (b) x = 0.01, (c) x = 0.05, (d) 
x = 0.1, (e) x = 0.118 when r = 20 %, and (f) x = 0.118 when r = 30 %, respectively. 
 
6.3.4 Simulation of Crystals 
To illustrate the potential surfaces of our SnSe plate and Cu-doped SnSe belt, we simulate 
the single crystal plate of SnSe via using software (WinXMorph),1 and corresponding crystal 
model is shown in Figure 6.12(a-b). It needs to be emphasized that the real heavily Cu-
doped SnSe is a microbelt, not a plate like Figure 6.12(b) shows. 
 
Figure 6.12 Crystal model of (a) undoped and (b) heavily Cu-doped SnSe with labelled 
crystallographic plane. 
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6.3.5 Anisotropy of Thermoelectric Performance 
To demonstrate the anisotropy of thermoelectric performance in our SnSe pellets, we show 
the plots of properties (temperature-dependent σ, S, S2σ, κ, and ZT) with different measured 
directions from the SnSe and Sn0.882Cu0.118Se pellets in Figure 6.13, in which label “⊥” stands 
for the measured directions perpendicular to the sintering pressure, and label “//” represents 
the measured directions parallel to the sintering pressure. It is clear that except S, all 
properties measured along the ⊥ direction are higher than that measured along the // direction 
due to the anisotropy. This is why we chose ⊥ direction as the main measured direction. 
 
Figure 6.13 Plots of T-dependent properties with different measured directions from our 
SnSe pellets with different x values: (a) σ, (b) S, (c) S2σ, (d) κ, and (e) ZT. The measured 
directions perpendicular to the sintering pressure is labelled as “⊥”, and the measured 
directions parallel to the sintering pressure is labelled as “//”. 
 
6.3.6 Calculation Detials 
The calculated Lorenz number L for Cu-doped SnSe pellets are shown in Figure 6.14(a). 
The L values for all sintered pellets are stable with the entire temperature range (~1.5×10-8 
V2 K-2), indicating that SnSe is a typical thermoelectric material that the κ are significantly 
depended on the phonon scattering. For calculation details, a single parabolic band model2-
4 was employed as:3 
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where η, kB, e, r, RH, ħ, Cl and Edef are the reduced Fermi level, the Boltzmann constant, the 
electron charge, the carrier scattering factor (r = -1/2 for acoustic phonon scattering),3 the 
Hall coefficient, the reduced plank constant, the elastic constant for longitudinal vibrations 
and the deformation potential coefficient, respectively. Here:3 
Cl = vl2ρ       (6-12) 
where vl is the longitudinal sound velocity and taken as 2730 m s-1 in this study.5 Fi(η) is the 
Fermi integral expressed as:3 
𝐹𝑖(𝜂) = ∫
𝑥𝑖
1+𝑒(𝑥−𝜂)
∞
0
𝑑𝑥     (6-13) 
The predicted ZT values in Figure 6.6(i) are also calculated based on the above model at 
823 K, and the κl used in the calculation are derived from Figure 6.6(h). Figure 6.14(b) shows 
the calculated κl/κ ratio, in which all ratios are greater than 80 % for our pellets, indicating that 
the phonon transport dominates κ. 
 
Figure 6.14 Plots of (a) calculated T-dependent L and (b) calculated T-dependent κl/κ ratio. 
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6.3.7 Comparison of ZTs 
Figure 6.15 provides the comparison of both average and peak ZT with reported Cu-doped 
works from 298 K to 873 K.6-7 Our heavily Cu-doped SnSe achieves a high peak ZT of 1.41 
at 823 K and competitive average ZT of 0.35 for the entire temperature range, which is very 
competitive compared with reported Cu-doped SnSe studies. 
 
Figure 6.15 The comparison of both average and peak ZT with reported Cu-doped SnSe 
works from 298 K to 873 K.6-7 
 
To compare the ZT values in more detail, Table 6.3 summaries both average and peak ZT 
with the similar studies of p-type doped SnSe. As can been seen, based on our high peak ZT 
of 1.41 at 823 K and competitive average ZT of 0.35 for the entire temperature range, our 
heavily Cu-doped SnSe is competitive compared with reported p-type doped SnSe. 
 
Table 6.3 A comprehensive summary on the ZT of the p-type doped polycrystalline SnSe. 
Here solvothermal is abbreviated as ST, hydrothermal is abbreviated as HT, melting is 
abbreviated as M, zone-melting is abbreviated as ZM, annealing is abbreviated as A, solid-
state solution is abbreviated as SSR, mechanical alloying is abbreviated as MA, and hot-
pressing is abbreviated as HP. The average ZT means the average ZT values are calculated 
for the entire temperature range. 
Product Synthetic Method Peak 
ZT 
T (K) Average ZT Ref. 
11.8% Cu-doped SnSe ST+SPS 1.41 823 ~0.35 This work 
Sn0.97Cu0.03Se M+HP 0.79 823 ~0.16 6 
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6.3.8 Examination of the Reproducibility 
To evaluate the reproducibility of our thermoelectric properties, we tested 6 times for our 11.8 % 
Cu-doped SnSe pellets from room temperature to 873 K. Figure 6.16 shows the T-dependent 
properties (σ, S, S2σ, κ, and ZT) with different cycles. All properties were measured along 
directions perpendicular to the sintering pressure. The 1st, 3rd and 5th measurements were 
taken under heating processes, and the other three measurements were taken under cooling 
Sn0.98Cu0.02Se M+A+SPS 0.7 773 ~0.41 7 
Sn0.99Cu0.01Se HT+SPS 1.2 873 ~0.35 8 
Sn0.99Ag0.01Se M+A+HP 0.6 750 ~0.27 9 
Sn0.99Ag0.01Se M+A+SPS 0.74 823 ~0.31 10 
Sn0.985Ag0.015Se M 1.3 773 ~0.49 11 
Sn0.97Ag0.03Se ST+SPS 0.8 850 ~0.3 12 
Sn0.99Na0.01Se M+A+SPS 0.85 800 ~0.32 13 
Sn0.99Na0.01Se M+SPS 0.75 823 ~0.29 14 
Sn0.99Na0.01Se M+SPS ~0.8 800 ~0.34 15 
Sn0.985Na0.015Se M+MA+HP ~0.8 773 ~0.37 16 
Sn0.98Na0.02Se SPS 0.87 798 ~0.35 17 
Sn0.97Na0.03Se SPS 0.82 773 0.44 18 
Sn0.99Na0.005K0.005Se MA+SPS 1.2 773 ~0.53 19 
Sn0.995Na0.005SeCl0.005 SSR+HP 0.84 810 ~0.35 20 
Sn0.99Na0.01Se0.84Te0.16 MA+SPS 0.72 773 ~0.32 21 
(Sn0.96Pb0.04)0.99Na0.01Se M+SPS ~1.2 773 ~0.47 22 
Sn0.99K0.01Se MA+SPS ~1.1 773 ~0.49 23 
Sn0.995Tl0.005Se M+HP 0.6 725 - 24 
Sn0.99In0.01Se M+HP 0.2 823 ~0.09 25 
Sn0.9Ge0.1Se M - 400 - 26 
Sn0.96Ge0.04Se ZM+HP 0.6 823 ~0.17 27 
Sn0.99Zn0.01Se M+HP 0.96 873 ~0.29 28 
Sn0.97Sm0.03Se M+HP 0.55 823 ~0.15 29 
SnSe0.985Cl0.015 M 1.1 773 ~0.26 11 
SnSe0.9Te0.1 ST+SPS 1.1 800 ~0.6 30 
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processes. The results indicate that the reproducibility of our obtained thermoelectric 
properties is excellent under 873 K, and the phase transition at 800 K did not affect the 
stability of thermoelectric properties in our Cu-doped SnSe pellets to a great extent. 
 
Figure 6.16 T-dependent properties with different measured times for our 11.8 % Cu-doped 
SnSe pellets: (a) σ, (b) S, (c) S2σ, (d) κ, and (e) ZT. All properties are measured along ⊥ 
direction. The 1st, 3rd and 5th measurements were taken under heating processes, and the 
other three measurements were taken under cooling processes. 
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Chapter 7 Achieving High Thermoelectric Performance in p-
type Cd-doped SnSe 
7.1 Overview 
Even though Cu-doping can achieve a high ZT of 1.41 at 823 K, the sacrifice of ZT at low 
and medium temperature still need improvement. To further improve its thermoelectric 
performance, we report high ZTs of 1.7 at 823 K and 1.3 at 773 K in p-type polycrystalline 
Cd-doped SnSe, achieved by a combination of cation vacancies and localized lattice 
engineering. The detailed novelty of this work is as follows: 
1. Theoretical investigations indicate that an appropriate p of ~3.0×1019 cm-3 combined with 
a low κl of ~0.2 W m-1 K-1 can result in a significant improvements of peak ZTs to ~1.85 at 
823 K for p-type polycrystalline SnSe. Thus, it is possible to further improve the ZT of 
polycrystalline SnSe by appropriately tuning p and reducing κl. 
2. On the basis of the calculation results, we design a new route to simultaneously balancing 
the p and κl via solvothermally Cd-doping, which is a combination of cation vacancies and 
localized lattice engineering. This new route can successfully manipulate p and induce 
nanoscale defects via tuning cation vacancy levels, thus is of great significance to achieve 
high-performance thermoelectric properties. 
3. DFT calculations reveal that the role of Cd atoms in the SnSe lattice is to reduce the 
formation energy of Sn vacancies, which in turn lower the Fermi level down into the 
valence bands, generating holes. Experimental results show that Cd-doping can boost 
the cation vacancy to a high level of ~2.9 %, contributing to an appropriate p of ~2.6×1019 
cm-3 and in turn an improved S2σ of ~6.9 μW cm-1 K-2. Meanwhile, a low κ of ~0.33 W m-
1 K-1 is secured via effective phonon scatterings at the localized crystal imperfections 
observed by detailed structural characterizations, leading a high ZT of ~1.7 at 823 K. This 
should be a record high ZT value before 850 K for polycrystalline SnSe. 
This study explores the fundamental Cd-doping mechanisms at a nanoscale in SnSe matrix, 
and opens an avenue to realize high ZT in SnSe polycrystals. This work was published in 
Advanced Energy Materials, 2019: 1803242. https://doi.org/10.1002/aenm.201803242. 
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7.2.1 Abstract 
In this work, we report a high figure-of-merit (ZT) of ~1.7 at 823 K in p-type polycrystalline 
Cd-doped SnSe by combining cation vacancies and localized-lattice engineering. It is 
observed that the introduction of Cd atoms in SnSe lattice induce Sn vacancies, which act as 
p-type dopants. A combination of facile solvothermal synthesis and fast spark plasma 
sintering technique boosts the Sn vacancy to a high level of ~2.9 %, which results in an 
optimum hole concentration of ~2.6×1019 cm-3 and an improved power factor of ~6.9 μW cm-
1 K-2. Simultaneously, a low thermal conductivity of ~0.33 W m-1 K-1 is achieved by effective 
phonon scattering at localized crystal imperfections, as observed by detailed structural 
characterizations. Density-functional-theory calculations reveal that the role of Cd atoms in 
the SnSe lattice is to reduce the formation energy of Sn vacancies, which in turn lower the 
Fermi level down into the valence bands, generating holes. This work explores the 
fundamental Cd-doping mechanisms at the nanoscale in a SnSe matrix and demonstrates 
vacancy and localized-lattice engineering as an effective approach to boosting thermoelectric 
performance. The work provides an avenue in achieving high-performance thermoelectric 
properties of materials. 
 
7.2.2 Introduction 
By converting heat into electricity, thermoelectric materials provide a potential solution to the 
world energy crisis as well as to environmental issues that arise from fossil fuels.1-4 The 
energy conversion efficiency of thermoelectric materials is measured by the dimensionless 
figure-of-merit ZT = S2σT/κ = S2σT/(κe + κl),3 where σ, S, S2σ, T, κ, κe, and κl are the electric 
conductivity, the Seebeck coefficient, the power factor, the absolute temperature, the total 
thermal conductivity, and the electronic and lattice thermal conductivities,5-6 respectively. To 
date, two major strategies for achieving high ZT are optimizing the power factor and reducing 
κl by band and structural engineering,7-8 respectively. 
Stannous selenide (SnSe) has attracted much attention because of its great potential in 
realizing high-performance, low-toxic and low-cost thermoelectric devices.3, 9-13 Spectacularly 
high peak ZTs of ~2.6 at 923 K14 and ~2.8 at 773 K15 were reported in p-type and n-type 
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SnSe single crystals, owing to their high S2σ and remarkably low κ along specified crystal 
directions.14-15 However, due to the special demands of crystal-growth techniques, 
prospective high cost for production, and undesirable mechanical properties,10, 16 SnSe single 
crystals are not well-suited for thermoelectric devices and have considerable limitations for 
industrial scale-up.15, 17-18 Besides, there are critical controversies on the reported high ZTs 
in single-crystal SnSe19-20 because the mass densities of experimental samples are much 
smaller than the theoretical density of SnSe.20 In this context, polycrystalline SnSe has 
become a promising alternative candidate.3, 7, 21-22 To improve the relatively low power factor 
and reduce the high thermal conductivity of polycrystalline SnSe,17 three major strategies 
including doping,3, 7, 23 multi-phase alloying3, 24 and micro/nanoscale texturing3, 25 have been 
employed. The peak ZTs have been improved from ~0.5 to ~1.5 before 850 K.3 Considering 
that SnSe is easy to volatilize Se and become unstable at higher temperature, it has been a 
challenge to improve ZT even higher to ZT >1.5 before 850 K, which is necessary for device 
applications.18, 26-27 
In order to achieve high-ZT polycrystalline SnSe, a key step is to tune an appropriate carrier 
concentration n/p, which optimizes the electrical transport properties.3, 28 In solution-based 
synthesis routes such as hydrothermal3 and solvothermal3, 29 syntheses, the cation and/or 
anion vacancy concentrations can be controlled by tuning the synthesis parameters such as 
the stoichiometric ratio of precursors, synthesis temperature, synthesis pressure, and 
potential of hydrogen (pH) level according to the reaction kinetics and/or thermodynamics.3, 
30 “Vacancy engineering” is an effective strategy to tune n and ultimately enhance ZTs of 
polycrystalline SnSe because Sn vacancies are known to dope SnSe p-type, and Se 
vacancies are known to dope SnSe n-type.3 For p-type SnSe, however, to achieve an optimal 
Sn vacancy level has historically been difficult.31-34 A previous study found that heavy Na+ 
doping achieved a high maximum Sn vacancy level of ~2 %, which induces a hole carrier 
concentration p = ~1.5×1019 cm-3 and a relatively high ZT = ~1.36 at 823 K.7 However, such 
ZT is still not optimal since 2 % Sn vacancies are not sufficient for the desired p,7 while higher 
Na+ concentration could not further increase the Sn vacancy concentration because Na+ does 
not act as dopant but only triggers Sn-vacancy formation.7 Therefore, it is necessary to seek 
an appropriate dopant that has stable +2 valence state (same to Sn2+) as well as a different 
atomic/ionic size because the size difference can result in lattice heterogeneity (dilatation or 
contraction),21, 23 which can weaken the bonding ability of Sn and Se and expand the 
maximum cation vacancy level. Meanwhile, such lattice heterogeneity can also reduce κl by 
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increasing the phonon scattering with nanoscale crystal imperfections such as point defects 
and lattice distortions.31-34 
In this study, we choose Cd as dopant to meet the requirements listed above since Cd is an 
ideal candidate with stable 2+ valence state and different atomic/ionic size (0.166/0.095 nm) 
compared to Sn/Sn2+ (0.151/0.112 nm).35 We design a facile solvothermal synthesis route 
with a fast spark plasma sintering (SPS) technique to fabricate polycrystalline Cd-doped 
SnSe, as shown in Figure 7.1(a-b), respectively. Comprehensive compositional 
investigations including X-ray photoelectron spectroscopy (XPS), electron probe micro-
analyzer (EPMA), and energy dispersive spectroscopy (EDS) demonstrated that our Cd 
doping achieved a high cation vacancy concentration of ~2.9 %, leading to an increased p = 
~2.6×1019 cm-3, and in turn an improved S2σ of ~6.9 μW cm-1 K-2 at 823 K. Besides, extensive 
structural and morphological characterizations including XPS, X-ray diffraction (XRD), 
scanning electron microscopy (SEM), transmission electron microscopy (TEM) with spherical 
aberration-corrected scanning TEM (Cs-corrected STEM) indicate that the Cd doping can 
result in localized crystal imperfections including localized lattice distortions and strains, 
dislocations, and nanoscale vacancy domains (illustrated in Figure 7.1(c)). These defects 
lead to a low κl of ~0.33 W m-1 K-1 and in turn a high peak ZT of ~1.7 at 823 K, which is a 
record value at this temperature compared with reported studies, as shown in Figure 7.1(d). 
Furthermore, a competitive ZT of ~1.3 at 773 K before the phase transition temperature (800 
K) and a high average ZT of 0.84 for the entire temperature range can be simultaneously 
achieved, showing that the polycrystalline Cd-doped SnSe has considerable potential for 
device applications. In fact, this study serves as an exploration of the fundamental Cd-doping 
mechanisms at the nanoscale in a SnSe matrix, and describes a novel concept to realize 
high ZT in polycrystalline SnSe. 
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Figure 7.1 Illustrations of fabrication for our Cd-doped SnSe. (a) Illustration of 
solvothermal synthesis, (b) obtained Cd-doped SnSe products and subsequent sintering and 
cutting processes, (c) phonon scattering sources observed in our pellets, and (d) 
comparisons of achieved temperature-dependent ZT from our pellets with reported 
polycrystalline SnSe.7, 36-41 
 
7.2.3 Results and Discussion 
A suitably large p and low κ are vital for achieving high ZT for polycrystalline SnSe. To predict 
an suitable p for high ZT, we use a single parabolic band (SPB) model42-45 to study p-
dependent ZT at T = 823 K with a fixed κl of 0.4 W m-1 K-1, as shown in Figure 7.2(a) (details 
can be seen in Section 7.3.1 in Supporting Information (ESI)). It is seen that p = ~3.0×1019 
cm-3 can contribute to a peak ZT of ~1.4, which is competitive to the currently reported 
polycrystalline SnSe.3 In terms of thermal conductivity κ, since lattice vibrations (κl) contribute 
more than 50 % to the total κ in polycrystalline SnSe under 850 K,7, 14, 21 minimizing κl plays 
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a significant role in lowering κ. We have studied p-dependent ZT at T = 823 K with different 
κl values. As shown in Figure 7.2(b), a high peak ZT of ~1.85 at 823 K can be obtained when 
κl is reduced to 0.2 W m-1 K-1, which is close to its minimum value of 0.26 W m-1 K-1 46 
calculated under the condition of full density along the a-axis.3 Thus, it is possible to improve 
ZTs by appropriately tuning p and reducing κl. 
 
Figure 7.2 Calculated thermoelectric performance as a function of p and Sn vacancy 
formation energy of SnSe. (a) Calculated p-dependent ZT of polycrystalline SnSe at T = 
823 K with a fixed κl of 0.4, (b) improvement of p-dependent ZT via reducing κl, (c) calculated 
results of Sn vacancy formation energy before and after inducing Cd. The units of S2σ and κ 
(κl) are μW cm-1 K-2 and W m-1 K-1, respectively. 
 
To verify that Cd is an ideal candidate for improving the cation vacancy level, we first explore 
the solubility of Cd in SnSe, and then study the real compositions of Cd-doped SnSe with 
different doping concentrations, as shown in Table 7.1. In this study, we use SnCl2·2H2O, 
Na2SeO3 and CdCl2 as precursors to fabricate Cd-doped SnSe. We first define the mole 
percentage (x) of CdCl2 in SnCl2·2H2O. The nominal compositions of Cd-doped SnSe can 
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then be described as Sn1-xCdxSe, where the selected x values are 0 % (no CdCl2 added), 
0.5 %, 1 %, 1.5 %, 2 %, 2.5 %, 3 %, and 3.5 % as listed in Table 7.1. Through detailed EDS 
and EPMA studies, however, it was found that the real compositions of the synthesized 
products are different from the nominal compositions, as shown in Table 7.1. With increasing 
x, the cation vacancy level gradually increases until reaching a maximum value of 2.9 %, 
from which a solubility limit of Cd (~2.3 %) is achieved when the real composition is 
Sn0.948Cd0.023Se. The instrumental error of EMPA is ~0.1 %, which demonstrates a high 
accuracy. These results indicate that Cd doping has great potential for further increasing the 
cation vacancy level and hence the hole concentration as well as enhancing ZT. 
 
Table 7.1 Comparisons of measured real compositions via EPMA with nominal 
composition (Sn1-xCdxSe). The corresponding vacancy rates (%) are also included. 
Nominal Composition (Sn1-xCdxSe) Real Composition via EPMA Vacancy (%) 
SnSe Sn0.994Se 0.6 
Sn0.995Cd0.005Se Sn0.984Cd0.005Se 1.1 
Sn0.99Cd0.01Se Sn0.976Cd0.009Se 1.5 
Sn0.985Cd0.015Se Sn0.966Cd0.014Se 2.0 
Sn0.98Cd0.02Se Sn0.957Cd0.019Se 2.4 
Sn0.975Cd0.025Se Sn0.948Cd0.023Se 2.9 
Sn0.97Cd0.03Se Sn0.948Cd0.023Se 2.9 
Sn0.965Cd0.035Se Sn0.948Cd0.023Se 2.9 
 
To understand the impact of Cd atoms on Sn-vacancy formation, we performed density 
functional theory (DFT) calculations using SnSe supercells (256 atoms) with and without a 
Cd atom occupying the Sn site. The results are shown in Figure 7.2(c). We find that the Sn 
vacancy formation energy in pure SnSe lattice is about 1.63 eV (with respect to the chemical 
potential of Sn metal). After a Cd atom is introduced in the lattice by occupying a cation site, 
we re-calculate the Sn vacancy formation energies. We find that for the Sn atoms that are far 
from the Cd atom, the vacancy formation energy remains the same as expected. For the Sn 
atom that is nearest to the Cd atom, the vacancy formation energy is 1.50 eV, reducing by 
0.13 eV, which is much larger than the room-temperature thermalization energy 0.026 eV. 
Therefore, the DFT results explicitly support the experimental observation that Cd dopants 
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can facilitate the formation of Sn vacancies in SnSe. It should be mentioned that secondary 
phase (mainly CdSe) was identified after the doping level reached the Cd solubility in SnSe. 
However, the ultrasonic separation technique can effectively remove the secondary phase 
after the synthesis, as confirmed in Figure 7.12 in ESI.7, 21, 23 
Table 7.1 indicates that Cd-doping can further improve the hole concentration p, but it is still 
unclear if such improvement is caused by the Cd atoms themselves or the induced Sn 
vacancies. To gain insight into the mechanism of the increase of the hole concentration, we 
have performed DFT calculations on the electronic band structure evolution for SnSe after 
Cd-doping with and without cation vacancy. Figure 7.3(a-d) compares the calculated band 
structures of pure SnSe (with the supercell of Sn128Se128), Cd-doped SnSe without vacancies 
(CdSn127Se128), Cd-doped SnSe with one Sn vacancy (CdSn126Se128), and SnSe with one Sn 
vacancy without Cd, respectively. Figure 7.3(e) compares their corresponding density of 
states (DOSs). We find that the band structures and DOSs are almost identical with and 
without Cd replacing Sn, with the only difference being that the degenerate bands in the 
perfect SnSe lattice split after a Cd atom is introduced. This difference originates from the 
breaking of the supercell symmetry by the Cd impurity and has negligible impact on the hole 
concentration.3 In contrast, for the pure SnSe and Cd-doped SnSe with an extra Sn vacancy 
introduced, the Fermi level moves into the valence band, making the material a degenerate 
semiconductor with significantly increased hole concentration. Therefore, we conclude that it 
is the Sn vacancies rather than the Cd atoms that introduce holes in SnSe. The role of Cd 
atoms is to increase the Sn vacancy concentration. More discussion about the effect of Cd-
doping on conduction band of SnSe is shown in Figure 7.11 in ESI. 
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Figure 7.3 Band structures and DOS of SnSe. Comparisons of calculated electronic 
structures of (a) pure SnSe (Sn128Se128), (b) Cd-doped SnSe without vacancy (CdSn127Se128), 
(c) Cd-doped SnSe with vacancy (CdSn126Se128), (d) SnSe with vacancy (Sn127Se128), and 
(e) Comparisons of corresponding DOS. 
 
Figure 7.4(a) shows XRD results for our synthesized Cd-doped SnSe with different Cd 
doping levels. It is clearly seen that all diffraction peaks can be indexed as orthorhombic-
structured SnSe and a space group of Pnma, according to the JCPDS 48-1224 Standard 
Identification Card. The strongest diffraction peaks of 400* suggest our products contain 
significant (100) surfaces.3, 7, 21, 23 With increasing the Cd doping level, the other diffraction 
peaks such as 111* become weaker (refer to Figure 7.12(b) in ESI), indicating a 
strengthened anisotropy in the synthesized products.3, 7, 21 Figure 7.4(b) is magnified 400* 
diffraction peaks, and shows all peaks shifted toward higher 2θ angles, from 2θ = 31.081° as 
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the standard value, indicating a reduced lattice parameter a,7, 23, 47 and in turn a shrunken 
unit cell derived from the Sn vacancies in SnSe.7 Figure 7.4(c-d) show the calculated lattice 
parameters a, b, c, and unit cell volume V as functions of the cation vacancy level given in 
Table 7.1. With increasing vacancy concentration, a, b and c slightly decrease, resulting in a 
V shrinkage. 
 
Figure 7.4 Structural characterizations of synthesized products. (a) XRD results, (b) 
Enlarged 400* peaks to see the peak deviation. Achieved lattice parameters of (c) a, b, (d) c 
and V as a function of vacancy rate shown in Table 5.3.1. 
 
Figure 7.5(a) shows a typical SEM image of the synthesized Sn0.948Cd0.023Se microplates. 
The inset optical image shows that these microplates have silver-like metallic luster.7 
Compared with their undoped counterparts shown in Figure 7.13 in ESI, the most significant 
surfaces of Cd-doped microplates are also (100). But their average size (124.5 μm measured 
via Nano Measurer software with a sample capacity larger than 1000) is larger than their un-
doped counterparts (110.7 μm), indicating a strengthened anisotropy in these Cd-doped 
microplates,3, 7 which agrees with the XRD results shown in Figure 7.4(a). Figure 7.5(a) also 
shows that the Cd-doped microplates tend to agglomerate to form a flower-like morphology.21, 
25 Figure 7.5(b) shows a typical Sn0.948Cd0.023Se microplate with a (100) surface, from which 
pores and slight crystal bent can be seen.21 A typical pore is shown in the inset of Figure 
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7.5(b) in a magnified SEM image. Figure 7.5(c) shows one typical Sn0.948Cd0.023Se 
microplate with lateral surfaces at a microscale as well as the corresponding atomic structure 
related to the surface features. 
 
Figure 7.5 Morphological and compositional characterizations of the synthesized 
products. (a) SEM image with inset of optical image of synthesized flower-like 
Sn0.948Cd0.023Se microplates, (b) magnified SEM image of one Sn0.948Cd0.023Se microplate 
showing (100) surface with crystal imperfections exemplified in inset, (c) one typical 
Sn0.948Cd0.023Se microplate with simulated atomic model showing the out of plane, (d) TEM 
image of a typical Sn0.948Cd0.023Se microplate with inset of corresponding SAED pattern, (e) 
EDS spot and mapping images, Cu comes from the TEM copper grid, (f) HRTEM image 
circled in (d) to see the localized lattice distortion with inset of HRTEM image to see the 
dislocations, (g) high resolution Cs-STEM HAADF images to see the difference of contrast, 
and (h) corresponding intensity line profile taken from (g) to illustrate the potential reasons 
causing the contrast difference. 
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To further investigate the structural characteristics of the Sn0.948Cd0.023Se microplates, 
detailed TEM characterization was performed. Figure 7.5(d) shows a [100] zone-axis TEM 
image for a typical Sn0.948Cd0.023Se plate with the surface perpendicular to the electron beam. 
The inset corresponding to a selected area electron diffraction (SAED) pattern indicates that 
the plate has typical orthorhombic structure with a (100) surface,7, 21 same as the undoped 
SnSe shown in Figure 7.14 in ESI. Figure 7.5(e) shows EDS results of Figure 7.5(d), in 
which Cd has a uniform distribution at a microscale. Figure 7.5(f) is a high-resolution TEM 
(HRTEM) image circled in Figure 7.5(d), showing local lattice distortions and dislocations 
(inset), which should be derived from the doped Cd with different atomic/ionic size of Sn.21, 23 
Figure 7.5(g) is a STEM high-angle annular dark field (HAADF) image taken along the a-
axis. The overlays in a normal area show Se atoms in green and Sn atoms in purple and 
axes. The non-uniform structural contrast suggests a lattice distortion, likely derived from the 
local elemental variation.21, 23 Figure 7.5(h) is the intensity line (taken along the dashed red 
line in Figure 7.5(g), and shows different peak intensities between different areas, reflecting 
the local compositional variations (such as Cd replacement and cation vacancies). 
We sintered the synthesized microplates into pellets to evaluate their thermoelectric 
performance along different directions, as illustrated in Figure 7.1(b). Before the evaluation, 
we performed detailed structural and morphological characterizations on these pellets to 
confirm the structural and compositional features kept stable after sintering. Figure 7.6(a) 
shows their XRD patterns (pure SnSe and Sn0.948Cd0.023Se) taken along both the ⊥ and // 
directions. Here “⊥” and “//” mean the directions perpendicular and parallel to the pressure of 
sintering, respectively. All diffraction peaks can be indexed as orthorhombic-structured SnSe, 
showing that the structural features remain with no extra phase observed.21, 23 Figure 7.6(b) 
magnifies the 111* and 400* peaks to reveal the peak-shifts. It shows the strongest 111* 
peaks for the sample taken along the // direction and the strongest 400* peaks along the ⊥ 
direction, demonstrating significant anisotropy in the pellets. Meanwhile, pure SnSe has a 
slightly stronger 111* peak than Sn0.948Cd0.023Se along the ⊥ direction, indicating more 
significant anisotropy in Sn0.948Cd0.023Se pellets.23 Besides, the diffraction peaks taken from 
the Sn0.948Cd0.023Se pellet move towards a higher 2θ than the peak from pure SnSe, similar 
to the XRD results shown in Figure 7.4(a-b). Figure 7.6(c) shows XPS spectra of the 
Sn0.948Cd0.023Se pellet with a full survey scan, demonstrating the existence of energy states 
for Se 3d, Sn 3d, and Cd 3d, indicating the successful doping of Cd. Except C and O, no 
other elements were identified. Figure 7.6(d) shows XPS spectra with a high-resolution scan 
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for Cd 3d5/2 and Cd 3d3/2 (peaks at 405 and 412 eV, respectively), showing that only Cd2+ 
valence state exists in the system. These results indicate that the Cd atoms substituted Sn 
on Sn sites via doping, and there is no interstitial atom of Cd in the matrix of SnSe. The 
quantified at. % of Cd fitted well with the proposed ~2.3 % of Cd. 
 
Figure 7.6 Structural and compositional characterizations of sintered pellets. (a) XRD 
results of sintered Sn0.994Se and Sn0.948Cd0.023Se pellets measured along different directions, 
(b) magnified XRD results to see the deviations of 400* and 111* peak, and XPS spectrum of 
(c) Survey scan for Sn0.948Cd0.023Se pellet and (d) High-resolution scan for Cd 3d. 
 
Figure 7.7(a) is a typical SEM image of a polished surface from a Sn0.948Cd0.023Se pellet (as 
inset optical image shows), in which a flat surface without any observable flaws can be seen, 
indicating high compaction in the sintered pellets. Figure 7.7(b) shows corresponding EDS 
maps, indicating compositional stability after sintering. EPMA studies on the Sn0.948Cd0.023Se 
pellet indicate that the Sn:Cd:Se ratio is 48.1:1.2:50.7, suggesting a stable composition of 
Sn0.948Cd0.023Se. Figure 7.7(c-d) are SEM images of pellets, fractured from different 
directions. Similar to the undoped SnSe (refer to Figure 7.15 in ESI), the distinct fracture 
features indicate an obvious anisotropy in the sintered pellets,7, 21 fitting well with the XRD 
results shown in Figure 7.6(a-b). However, different from undoped SnSe pellets, faveolate 
structures can be occasionally found on the fractured grains of Sn0.948Cd0.023Se pellets, as 
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shown in magnified SEM images in the insets of Figure 7.7(c-d). These specific structures 
might be derived from the crystal imperfections of SnSe microplates caused by Cd-doping.21 
Figure 7.7(e) shows a TEM image of our sliced Sn0.948Cd0.023Se pellet, from which obvious 
overlap of grains can be observed. The inset HRTEM image shows a typical dislocation, 
indicating that the dislocation still existed after SPS. Figure 7.7(f) shows a [201] zone-axis 
HRTEM image, in which local lattice distortion is seen. Such local structural variations have 
been predicted to enhance the phonon scattering and in turn reduce κl.3, 21, 23 Figure 7.7(g) 
shows STEM HAADF images taken from pure SnSe (left) and Sn0.948Cd0.023Se (right) pellets, 
respectively, both viewed along their b-axes. As can be seen, Sn0.948Cd0.023Se pellets 
contains nanoscale dark domains, similar to the reported “vacancy domains” caused by Sn 
vacancies.32, 48-49 Figure 7.7(h) is an enlarged STEM HAADF image taken from a typical 
boundary between normal and dark areas, in which the overlays in a normal area show axes 
and Se atoms in green and Sn atoms in purple. It is clear that a non-uniform contrast can be 
seen, suggesting local elemental variation. Besides, no interstitial atom can be found, 
indicating that there is no interstitial atom of Cd in the matrix of SnSe, supporting to the XPS 
results. Figure 7.7(i) is the intensity line profile (dashed purple line in Figure 7.7(h) across 
both normal area and contrast area) taken along the c-axis, from which the peak intensities 
for Se sites keep stable for the entire range, but different peak intensities for Sn sites between 
normal and dark areas, indicating local elemental variation such as Cd replacing Sn and/or 
cation vacancies, which can effectively scatter the high-frequency phonons and in turn 
contribute to a low κl.3, 21, 23 
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Figure 7.7 Morphological and compositional characterizations of sintered pellets. (a) 
SEM image with inset of optical image of Sn0.948Cd0.023Se pellet polished from the ⊥ direction, 
(b) corresponding EDS mapping results for (a), SEM images of Sn0.948Cd0.023Se pellet 
fractured from (c) the ⊥ direction and (d) the // direction, the inset magnified SEM images 
show the honeycomb-like structure, (e) TEM image of sliced Sn0.948Cd0.023Se pellet to see 
the overlap of grains with inset HRTEM image showing a typical dislocation, (f) HRTEM image 
to show the local lattice distortion, (g) comparison of Cs-STEM HAADF images between 
Sn0.994Se (left) and Sn0.948Cd0.023Se (right) pellets to see the difference, (h) high resolution 
Cs-STEM HAADF image of Sn0.948Cd0.023Se pellet viewed along the b-axis to see different 
contrast, and (i) corresponding intensity line profile taken from (h) to illustrate the potential 
reasons causing the contrast difference. 
 
We measured σ, S, S2σ, and κ as the main thermoelectric properties from 300 K to 873 K for 
the Cd-doped SnSe pellets with different doping levels and the results are shown in Figure 
7.8(a-d), respectively. High repeatability was realized with measured fluctuations being 10 %, 
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2 % and 5 % for σ, S and κ, respectively, as shown in Figure 7.16 in ESI. Besides, considering 
the anisotropy shown in Figure 7.17 in ESI,7, 14 the ⊥ direction is chosen as the main direction 
for measurements.50 Figure 7.8(a) shows T-dependent σ. After Cd doping, σ was significantly 
improved due to the improved cation vacancy concentration. As can be seen, the totality of 
σ values includes two regions. Taking Sn0.948Cd0.023Se as an example, a representative 
metallic transport behavior can be seen before 723 K, derived from the vibration of cations, 
which can effectively impede the transport of carriers.14 After 723 K, a classic thermally-
activated semiconducting behavior is observed, derived from the carrier thermal excitation by 
heat, which can produce extra carriers and improve the carrier concentration. The 
temperature between these two regions (723 K in the case of Sn0.948Cd0.023Se) is described 
as bipolar-effect temperature (T*), where T* increases from 623 K to 723 K with increasing 
the doping level (cation vacancy concentration), fitting well with reported calculation-based 
works.3 Figure 7.8(b) shows the measured T-dependent S, in which peak S values can be 
achieved at T*. With increasing the Cd doping level, S gradually decreased, accompanied by 
a slight shifting of T* towards a higher T, indicating an increase of p.3, 7 Figure 7.8(c) shows 
the determined S2σ, from which two peak values of 7.33 μW cm-1 K-2 at 423 K and 6.86 μW 
cm-1 K-2 at 823 K can be found in the Sn0.948Cd0.023Se pellet. Figure 7.8(d) shows the 
calculated T-dependent κ via κ = D·Cp·ρ 7, where measured D values are plotted in Figure 
7.18(a) in ESI, and measured Cp and ρ are listed in Table 7.2. As can be seen, with an 
increasing Cd doping level, κ decreases, derived from the enhanced nanoscale crystal 
imperfections including locally distorted lattice, dislocations, and point defects. These 
nanoscale defects can effectively strengthen the scattering of phonons from medium and 
short wavelengths. Considering the high relative densities in our sintered pellets (all > 
97.1 %),14, 19 the κ values are intrinsic. 
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Figure 7.8 Plots of measured T-dependent properties from Cd-doped SnSe pellets: (a) 
σ, (b) S, (c) S2σ, and (d) κ. 
 
Table 7.2 The main properties of Cd-doped SnSe at both 300 K and 823 K. 
Parameter
s 
Sn0.994S
e 
Sn0.984Cd0.005S
e 
Sn0.976Cd0.009S
e 
Sn0.966Cd0.014S
e 
Sn0.957Cd0.019S
e 
Sn0.948Cd0.023S
e 
ρ (g cm-3) 6.121 6.103 6.077 6.045 6.021 6.002 
p300 K (cm-
3) 
2.79×101
8 
7.29×1018 9.98×1018 1.33×1019 1.71×1019 2.33×1019 
p823 K (cm-
3) 
7.71×101
8 
1.17×1019 1.48×1019 1.91×1019 2.25×1019 2.60×1019 
μ300 K (cm2 
V-1 s-1) 39.0 37.8 37.6 37.0 35.9 35.5 
μ823 K (cm2 
V-1 s-1) 29.9 26.8 24.4 21.7 20.4 18.9 
σ300 K (S 
cm-1) 
17.4 44.2 60.1 78.8 98.3 132.9 
σ823 K (S 
cm-1) 
37.0 50.3 58.0 62.2 73.4 78.8 
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S300 K (μV 
K-1) 
310.0 262.2 241.6 223.0 207.5 197.1 
S823 K (μV 
K-1) 
337.9 322.5 313.8 306.2 299.5 295.1 
S2σ300 K 
(μW cm-1 
K-2) 
1.67 3.04 3.51 3.92 4.23 5.16 
S2σ823 K 
(μW cm-1 
K-2) 
4.22 5.23 5.71 6.20 6.58 6.86 
Cp300 K (J g-
1 K-1) 
0.273 0.27 0.267 0.263 0.259 0.254 
Cp823 K (J g-
1 K-1) 
0.286 0.281 0.277 0.272 0.268 0.264 
κ300 K (W 
m-1 K-1) 
1.50 1.30 1.17 1.03 0.93 0.91 
κ823 K (W 
m-1 K-1) 
0.52 0.47 0.45 0.42 0.37 0.33 
 
To better understand our achieved electrical transport properties, we measured the T-
dependent p. The result is shown in Figure 7.9(a). A slightly increased p after T* can be seen, 
triggered by thermal activation.3 With increasing the Cd doping level, p is improved, caused 
by the higher cation vacancy concentration. Figure 7.9(b) shows the corresponding T-
dependent carrier mobility μ, which roughly follows the power law (μ ∝ T d).25, 51 At low 
temperatures, μ is slightly increased, roughly following μ ∝ T 1.1, suggesting that the ionized 
impurities dominate the scattering mechanism.25, 51 At medium temperatures, μ is decreased 
following μ ∝ T - 1.5, meaning that acoustic-phonon scattering dominates the scattering 
mechanism instead.25, 51 At high temperatures, μ increases roughly following μ ∝ T 1.5, 
indicating extra scattering behaviors. Potential carrier scattering at local crystal imperfections 
observed in the Cd-doped SnSe may cause a special μ ∝ T d relation.25, 52-53 Besides, μ 
decreases with increasing Cd doping level, which is caused by the significant blocking and/or 
scattering of carriers. At high temperature, because the thermal activation can provide 
additional carriers (mainly holes as majority carriers),3 with increasing doping level (cation 
vacancy concentration), additional carriers can be released, resulting in a lower μ between 
600 and 800 K. 
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Figure 7.9 Plots of measured and/or calculated T-dependent properties for Cd-doped 
SnSe pellets: (a) p, (b) μ, (c) κe, (d) κl with 1000/T-dependent κl as inset, (e) ZT, and (f) a 
comparison of achieved ZTs with calculated predicted ZTs. 
 
To further understand the electronic structure and DOS evolution of the Cd-doped SnSe with 
different cation vacancy concentrations, we performed DFT calculations. Figure 7.10(a-c) 
compares the calculated band structures for Sn0.994Se, Sn0.976Cd0.009Se, and Sn0.957Cd0.019Se, 
respectively, and Figure 7.10(d) compares the DOS of Sn0.994Se, Sn0.984Cd0.005Se, 
Sn0.976Cd0.009Se, Sn0.966Cd0.014Se, Sn0.957Cd0.019Se, and Sn0.948Cd0.023Se, respectively. It is 
clear that the Fermi level moves towards the valence band with increaing cation vacancy 
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concentration, indicating a degenerate semiconductor which can provide more holes, 
contributing to an improved p and in turn an enhanced S2σ, agreeing with the experimental 
results shown in Figure 7.9. 
 
Figure 7.10 Comparisons of calculated band structures for (a) Sn0.994Se, (b) 
Sn0.976Cd0.009Se, (c) Sn0.957Cd0.019Se, and (d) comparisons of DOS of Sn0.994Se, 
Sn0.984Cd0.005Se, Sn0.976Cd0.009Se, Sn0.966Cd0.014Se, Sn0.957Cd0.019Se, and Sn0.948Cd0.023Se. 
 
For the thermal transport performance, κe and κl are investigated to further understand the 
contributions of electrons and lattice on the total thermal conductivity κ. κe is obtained via κe 
= L·σ·T by the Wiedemann-Franz law.3 Here L is the Lorenz number (~1.5×10-8 V2 K-2) 
calculated via the SPB model42-44 as shown in Figure 7.18(c) in ESI, and κl is determined by 
κl = κ - κe. Figure 7.9(c) shows the determined κe with very low values, which have the same 
trend compared with the corresponding σ. Figure 7.9(d) shows the determined T-dependent 
κl, with the inset showing the determined 1000/T-dependent κl roughly following a linear 
relationship, showing that Umklapp phonon scattering dominates phonon scattering in 
SnSe.26, 54 Such intrinsic low κl have been derived from significantly anharmonic bonding3, 7, 
14, 21, 23, 26 and the observed nanoscale crystal imperfections including the dislocations, local 
lattice distortions, point defects (vacancy domains), grain boundaries and/or interfaces, which 
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can effectively scatter phonons of different wavelengths.1, 3 The calculated κl/κ ratio of > ~70 % 
(refer to Figure 7.18(d) in ESI), indicates that phonon transport is significant for κ. 
Figure 7.9(e) presents the calculated T-dependent ZT values for the Cd-doped SnSe pellets, 
indicating that the improved cation vacancy concentration is critical for securing a high ZT 
value. The high ZTs (>0.6) are in a wide range from 450 K to 873 K, which is of significance 
because the device has to be operated under a large temperature gradient.1, 3 Figure 7.9(f) 
compares the achieved ZT values with predicted values determined by the SPB model-based 
calculations at 823 K.42-45 As can be seen, the measured p = ~2.6×1019 cm-3 is much closer 
to the best value of ~3×1019 cm-3 as we calculated, indicating that p can be indeed tuned 
through our developed methodology. Table 7.3 compares our achieved thermoelectric 
properties with reported studies, showing a strong competitiveness in our polycrystalline Cd-
doped SnSe fabricated via a facile solvothermal synthesis. It should be mentioned that SnSe 
is a typical low-toxic and high cost-effective thermoelectric material.3, 50 Even though Cd is a 
toxic element,55 the amount of Cd in our SnSe system is very low (only ~2.3 %), thus our Cd-
doped SnSe is still a green thermoelectric material. 
 
Table 7.3 A comparison of performance from p-type doped polycrystalline SnSe. Here 
ST, HT, M, ZM, A, SSR, MA, HP mean solvothermal, hydrothermal, melting, zone-melting, 
annealing, solid-state solution, mechanical alloying, and hot-pressing, respectively. The * 
means the room temperature-measured p. 
Product Synthetic 
Method 
ZT T 
(K) 
σ (S 
cm-1) 
S (μV 
K-1) 
S2σ 
(mW 
m-1 K-2) 
κ (W 
m-1 K-1) 
p (1019 
cm-3) 
ρ (g 
cm-3) 
Ref. 
Sn0.948Cd0.023Se ST+SPS 1.7 823 ~78.8 ~295.1 ~0.69 ~0.33 ~2.60 ~6.00 This 
wor
k 
Sn0.99Na0.01Se M+SPS 0.75 823 ~49.6 ~311.1 0.48 ~0.53 1.0* ~5.99 56 
Sn0.99Na0.01Se M+SPS ~0.8 800 ~81.2 ~267.2 ~0.58 ~0.50 ~1.5 - 12 
Sn0.99Na0.01Se M+A+SP
S 
0.85 800 ~100.4 ~271.5 ~0.74 ~0.50 ~6.5* 5.94 57 
Sn0.985Na0.015Se M+MA+H
P 
~0.8 773 ~37.9 ~298.8 ~0.34 ~0.33 ~2.1* 5.81 58 
Sn0.98Na0.02Se SPS 0.87 798 ~56.4 ~288.8 0.47 0.4 3.08* ~5.81 59 
Sn0.97Na0.03Se SPS 0.82 773 ~65.1 ~280.2 ~0.51 ~0.50 ~2.2 ~5.93 60 
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Sn0.99Na0.005K0.00
5Se 
MA+SPS 1.2 773 ~34.9 ~374.7 ~0.49 0.32 ~7.2* 5.71 37 
Sn0.995Na0.005Se
Cl0.005 
SSR+HP 0.84 810 ~79.2 ~228.6 ~0.41 ~0.39 ~3.95* ~5.93 61 
Sn0.99Na0.01Se0.8
4Te0.16 
MA+SPS 0.72 773 ~67.4 ~275.0 ~0.51 ~0.50 - - 13 
(Sn0.96Pb0.04)0.99
Na0.01Se 
M+SPS ~1.2 773 ~89.4 ~269.7 ~0.65 ~0.45 ~2.8 - 62 
Sn0.99K0.01Se MA+SPS ~1.1 773 ~18.6 ~421.4 ~0.33 ~0.24 0.92* - 63 
SnSe0.985Cl0.015 M 1.1 773 ~25.5 ~399.3 ~0.41 ~0.30 ~0.01* 5.87 36 
Sn0.99Zn0.01Se M+HP 0.96 873 ~74.1 ~328.5 0.8 ~0.73 ~0.45 - 40 
Sn0.9Ge0.1Se M - 400 - ~843.2 - ~0.39 - - 64 
Sn0.96Ge0.04Se ZM+HP 0.6 823 35.6 ~378.5 0.51 ~0.7 ~0.03* >5.81 39 
Sn0.99Cu0.01Se HT+HP 1.2 873 ~36.4 ~313.8 ~0.35 ~0.2 - - 65 
Sn0.98Cu0.02Se M+A+SP
S 
0.7 773 ~42.4 ~238.6 ~0.24 0.27 18.4* ~6.12 66 
Sn0.97Cu0.03Se M+HP 0.79 823 ~35.0 ~325.1 ~0.37 ~0.39 ~0.016
* 
6.16 67 
Sn0.99Ag0.01Se M+A+HP 0.6 750 ~45.9 ~344.1 ~0.54 ~0.68 ~0.35* ~5.93 68 
Sn0.99Ag0.01Se M+A+SP
S 
0.74 823 ~54.8 ~330.9 0.6 ~0.66 1.9* ~5.99 69 
Sn0.985Ag0.015Se M 1.3 773 ~44.7 ~344.0 ~0.52 ~0.30 ~0.8* 5.87 36 
Sn0.97Ag0.03Se ST+SPS 0.8 850 ~90.3 ~266.2 ~0.64 ~0.68 0.9* >5.56 70 
Sn0.995Tl0.005Se M+HP 0.6 725 ~68.9 ~300.0 ~0.62 ~0.75 - ~5.99 71 
Sn0.99In0.01Se M+HP 0.2 823 ~6.53 ~350.0 ~0.08 ~0.36 ~0.03* ~5.87 72 
Sn0.97Sm0.03Se M+HP 0.55 823 ~33.6 ~250.0 ~0.21 ~0.32 ~0.013
* 
- 47 
SnSe0.9Te0.1 ST+SPS 1.1 800 ~57.4 ~322.8 ~0.60 ~0.44 ~1* ~5.87 38 
 
7.2.4 Conclusion 
In this study, a combination of cation vacancy engineering and local lattice engineering is 
used to realize excellent thermoelectric properties in p-type polycrystalline Cd-doped SnSe 
via a facile solvothermal synthesis method and a fast spark plasma sintering technique. The 
Cd solubility in SnSe is ~2.3 at. % with a high cation vacancy concentration of ~2.9 %, 
contributing to a high hole carrier concentration of ~2.6×1019 cm-3 and in turn leading a high 
power factor of ~6.9 μW cm-1 K-2 at 823 K. Meanwhile, the doped Cd results in massive 
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nanoscale crystal imperfections including dislocations, intensive local lattice distortions, and 
point defects, which contribute to a low thermal conductivity of ~0.33 W m-1 K-1 and in turn a 
record high ZT of ~1.7 at this temperature. This study explores the fundamental Cd-doping 
mechanisms at a nanoscale in a SnSe matrix and describes a novel concept to achieve high 
ZT. 
 
Experimental Section 
The experimental details can be seen in Section 7.3.9 in ESI. 
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7.3 Supporting Information 
7.3.1 Calculation Details 
The single parabolic band (SPB) model has been comprehensively used in predicting 
thermoelectric efficiencies (ZT) and optimizing doping levels (electronic or hole 
concentrations) for a number of thermoelectric materials.1-4 In this study, we used SPB model 
to calculate the hole concentrations p-dependent ZT for polycrystalline SnSe at a fixed 
temperature of 873 K. The predicted ZT values in Figure 7.9(f) are also calculated based on 
this model at 823 K, and the κl used in the calculation are derived from Figure 7.9(d). For 
calculation details, the carrier transport property analysis was employed as:5 
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where η, kB, e, r, RH, ħ, Cl and Edef are the reduced Fermi level, the Boltzmann constant, the 
electron charge, the carrier scattering factor (r = -1/2 for acoustic phonon scattering), the Hall 
coefficient, the reduced plank constant, the elastic constant for longitudinal vibrations and the 
deformation potential coefficient, respectively. Here:5 
Cl = vl2ρ        (7-5) 
where vl is the longitudinal sound velocity and taken as 2730 m s-1 in this study.5 Fi(η) is the 
Fermi integral expressed as:5 
𝐹𝑖(𝜂) = ∫
𝑥𝑖
1+𝑒(𝑥−𝜂)
∞
0
𝑑𝑥      (7-6) 
For the effect of Cd-doping on the conduction band of SnSe, Figure 7.11 compares the 
density of state (DOS) of pure SnSe (Sn128Se128), Cd-doped SnSe (CdSn127Se128) with and 
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without relaxation, respectively. Since Cd has 2 valence electrons less than Sn, the replacing 
of Sn by Cd should leave out a defect empty band with two holes in the gap. Actually we 
indeed observed this gap if the Cd atom is not relaxed. But this gap moves to the conduction 
band after relaxation. This is why Cd does not make any difference to the valence band 
structure or hole concertation. 
 
Figure 7.11 Comparisons of DOS for pure SnSe (Sn128Se128), Cd-doped SnSe (CdSn127Se128) 
with and without relaxation. 
 
7.3.2 Demonstration of Removing CdSe 
To demonstrate the CdSe secondary phase can be effectively removed through ultrasonic 
separation and centrifuging technique after the solvothermal synthesis, we provide detailed 
XRD patterns of synthesized Sn0.948Cd0.023Se products with CdSe secondary phase derived 
from the excessive usage of Cd source (CdCl2) during solvothermal synthesis, and pure 
Sn0.948Cd0.023Se after removing the CdSe secondary phase, respectively, as shown in Figure 
7.12(a-b). It is clear that when achieving Sn0.948Cd0.023Se before removing the CdSe 
secondary phase, CdSe can be found; after removing the CdSe secondary phase, no CdSe 
can be found, indicating that high pure SnSe phase can be achieved. 
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Figure 7.12 Detailed XRD patterns of synthesized Cd-doped SnSe products 
(Sn0.948Cd0.023Se) with (a) before and (b) after removing CdSe secondary phase. 
 
7.3.3 SEM Results of Pure SnSe Microplates 
Figure 7.13(a) is an optical image of synthesized pure SnSe powders, which show silver-like 
metallic lustre. Figure 7.13(b) is their SEM image, from which the pure SnSe have typical 
rectangular plate-like morphology. Figure 7.13(c) shows a magnified SEM image of SnSe 
microplate to show the (100) surface with its lateral dimension varies between 30 and 40 µm. 
Compared with other surfaces, the SnSe microplates possess significant (100) surfaces, 
which explains why 400* is the strongest peak observed in the XRD results shown in Figure 
7.4(a). Figure 7.13(d) is a magnified SEM image of SnSe microplate to show its lateral 
surfaces, and the measured thickness of the microplate is ~3.2 μm. 
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Figure 7.13 (a) Optical and (b) SEM images of synthesized pure SnSe (Sn0.994Se) 
microplates, (c) magnified SEM image of one typical Sn0.994Se microplate with (100) surface, 
and (d) magnified SEM image to show the side surfaces. 
 
7.3.4 TEM Results of Pure SnSe Microplates. 
For pure SnSe microplate, Figure 7.14(a) shows its TEM image with the plate laid 
perpendicular to the electron beam. Same to its SEM results, the exterior of microplate 
showed rough crystal information. Figure 7.14(b) is a magnified TEM image taken from the 
circled area shown in Figure 7.14(a) to show the edge of microplate, which shows rough 
lattice. Figure 7.14(c) is the HRTEM image, and Figure 7.14(d) shows corresponding SAED 
pattern taken along the [100] zone-axis, both indicating that the microplate has typical 
orthorhombic structure and a (100) surface. 
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Figure 7.14 (a) TEM image of one typical pure SnSe (Sn0.994Se) microplate, (b) magnified 
TEM image of (a), (c) corresponding HR-TEM image, and (d) SAED pattern. 
 
7.3.5 SEM Results of SnSe Pellets 
To investigate the morphological characteristics of our sintered pure SnSe pellets, detailed 
SEM investigations were performed. Figure 7.15(a-b) are SEM images of polished surfaces 
from the ⊥ direction and the // direction, respectively. It is clear that flat surfaces without 
observable flaw can be achieved, indicating that our sintered pellets have high compact. 
Figure 7.15(c-d) are SEM images of pellets fractured from the ⊥ direction and the // direction, 
respectively. The much more distinct fracture features confirm the sintered pellets containing 
an obvious anisotropy, fitting well with the XRD results shown in Figure 7.6(a-b). 
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Figure 7.15 SEM images of pure SnSe pellet (Sn0.994Se) polished surfaces from (a) the ⊥ 
directions and (b) the // directions, and SEM images of Sn0.994Se pellet fractured from (c) the 
⊥ directions and (d) the // directions. 
 
7.3.6 Examination of Reproducibility 
For SnSe, the phase transition between α-SnSe and β-SnSe at 800 K is detrimental to the 
stability of performance and the mechanical properties. To evaluate the reproducibility of our 
thermoelectric properties, we measured 6 times for our Cd-doped SnSe pellets 
(Sn0.948Cd0.023Se) from room temperature to 773 K. Figure 7.16 shows the T-dependent σ, 
S, S2σ, κ, and ZT with different measured times. All properties were measured along 
directions perpendicular to the sintering pressure (⊥ direction). The 1st, 3rd and 5th 
measurements were taken under heating processes, and the other three measurements were 
taken under cooling processes. The results indicate that the reproducibility of our obtained 
thermoelectric properties are high under 773 K. 
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Figure 7.16 T-dependent properties with different measured times for our Cd-doped SnSe 
pellets (Sn0.948Cd0.023Se): (a) σ, (b) S, (c) S2σ, (d) κ, and (e) ZT. All properties are measured 
along ⊥ direction. The 1st, 3rd and 5th measurements were taken under heating processes, 
and the other three measurements were taken under cooling processes. 
 
7.3.7 Examination of Anisotropy 
To evaluate the anisotropy of thermoelectric properties in our pellets, we measured the main 
properties for both pure SnSe and Cd-doped SnSe (Sn0.948Cd0.023Se) pellets with different 
measured directions from room temperature to 873 K. Figure 7.17 shows the plots of 
measured T-dependent properties (σ, S, S2σ, κ, and ZT) from our SnSe pellets. The 
measured direction perpendicular to the sintering pressure is labelled as “⊥”, and the 
measured direction parallel to the sintering pressure is labelled as “//”. The results indicate 
that Sn0.948Cd0.023Se pellets possess stronger anisotropy than their pure counterparts, fitting 
well with the XRD results shown in Figure 7.6(a-b). 
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Figure 7.17 Plots of T-dependent properties with different measured directions from our Cd-
doped SnSe pellets: (a) σ, (b) S, (c) S2σ, (d) κ, and (e) ZT. The measured directions 
perpendicular to the sintering pressure is labelled as “⊥”, and the measured directions parallel 
to the sintering pressure is labelled as “//”. 
 
7.3.8 Thermal Diffusivities, Effective Mass, and Lorenz Number 
The measured T-dependent thermal diffusivity (D) for our Cd-doped SnSe pellets are shown 
in Figure 7.18(a). Meanwhile, the calculated T-dependent effective mass (m*) and Lorenz 
number (L) for our Cd-doped SnSe pellets are shown in Figure 7.18(b-c), respectively. It is 
clear that the m* slightly increase with increasing the amount of cation vacancy. For L, the 
values for all samples are stable with the entire temperature range (~1.5×10 -8 V2 K-2), 
indicating that SnSe is a typical thermoelectric material that the κ are significantly depended 
on phonon scattering. The calculations were based on the SPB model discussed in Section 
7.3.1. Besides, the calculated T-dependent κl/κ ratio is shown in Figure 7.18(d), from which 
more than ~70 % of κ were derived from the phonon transport (κl) when T < 873 K, indicating 
κ is dominated by phonon transport. 
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Figure 7.18 Plots of T-dependent (a) D, (b) m*, (c) L, and (d) κl/κ ratio. 
 
7.3.9 Experimental Section 
Reagents and Synthesis. Single crystal Cd-doped SnSe microplates were solvothermally 
synthesized using Na2SeO3 (99.99 %), SnCl2·2H2O (99.99 %), CdCl2 (99.99 %), ethylene 
glycol anhydrous (EG, C2H6O2, 99.8 %), and NaOH (99.99 %) as precursors (all purchased 
from Sigma-Aldrich Co. LLC). For the chemical reactions, EG acted as both the solvent and 
the reducing agent, which can be expressed as:6-8 
SnCl2·2H2O 
𝐶2𝐻6𝑂2
→     Sn2+ + 2Cl- + 2H2O      (7-7) 
Na2SeO3 
𝐶2𝐻6𝑂2
→     2Na+ + SeO32-       (7-8) 
SeO32- + C2H6O2 
  
→ Se + C2H2O2 + H2O + 2OH-    (7-9) 
CdCl2 
 𝐶2𝐻6𝑂2 
→      Cd2+ + 2Cl-      (7-10) 
and NaOH was used to adjust the environment of solvent (pH), benefited the ion reaction of:6-
8 
Se + Sn2+ 
 
→ Se2- + Sn4+      (7-11) 
xSn2+ + yCd2+ + Se2- 
  
→ SnxCdySe. (Not balanced)  (7-12) 
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In a typical synthesis, Na2SeO3, SnCl2·2H2O and CdCl2 were dissolved in EG (45 ml), and 
then added NaOH, kept stirring for 15 min at room temperature. The solution was then sealed 
in a 125 ml polytetrafluoroethylene-lined stainless steel autoclave. The autoclave was heated 
in an oven at 230 °C for 36 h, followed by naturally cooled to room temperature. The 
synthesized products were collected by centrifugation and washed by ethanol and deionized 
water for several times before drying in the oven at 60 °C for 12 h. 
Sintering and Thermoelectric Properties Measurements. To measure their thermoelectric 
properties, the synthesized products were sintered by SPS (SPS-211Lx, Fuji Electronic Co., 
Ltd.) at 573 °C for 5 min with a pressure of 60 MPa to form disc-shaped pellets with a 
dimension of Ф = 12.6 mm and h = 8.0 mm. The densities (ρ) of the sintered pellets were 
measured by the Archimedes method.9 In our measurements, σ and S were measured 
simultaneously using a Seebeck coefficient/electric resistivity measuring system (ZEM-3, 
ULVAC Technologies, Inc.) in the temperature range between 300 and 873 K. The thermal 
diffusivity D was measured using the laser flash diffusivity method (LFA 457, NETZSCH 
Group). κ was calculated using κ = D·Cp·ρ,10 where Cp is the specific heat capacity obtained 
by differential scanning calorimetry (DSC 404 C; NETZSCH Group), and hole carrier 
concentration p was measured using the van der Pauw technique under a reversible 
magnetic field of 1.5 T. To ensure the repeatability of synthesized products and their 
demonstrated thermoelectric properties, each pellet are measured for at least 3 times. 
Characterizations. The synthesized products were characterized by XRD (Bruker-D8) to 
determine their crystal structures, and XPS (Kratos Axis Ultra) to determine the existence 
and amount of Cd in SnSe. The lattice parameters were obtained by analyzing the diffraction 
patterns with the JADE software package. The morphological characteristics of both 
synthesized products and sintered pellets were investigated using SEM (JSM-6610, JEOL 
Ltd.), and their structural and chemical characteristics were studied using HRTEM (TECNAI-
F20) and Cs-corrected HR-STEM (Titan-G2). The TEM specimens of sintered specimens 
were prepared by both focused ion beam technique (FEI Scios Dual-beam System) and 
slicing the sample using Ultramicrotone. The EPMA (JEOL JXA-8200) was used to determine 
their compositions, and the EDS (installed in TECNAI-F20) was used to identify the 
distribution of the elements. The instrumental error of EMPA is 0.1 %. There were 12 test 
areas for each sample. 
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DFT calculations. Density functional theory calculations were carried out using the Vienna Ab 
initio Simulation Package (VASP)11-12 with the projector augmented wave method (PAW)12 
and the generalized gradient approximation of Perdew, Burke and Ernzerhof (GGA-PBE)13 
for the electronic exchange-correlation functionals. The plane-wave energy cutoff is 450 eV. 
The SnSe unit cell was relaxed with a 6×18×18 Γ-centered k-mesh, and the convergence 
thresholds of the total energy and the forces on each atom are 10−8 eV and 10−6 eV Å-1, 
respectively. The relaxed lattice constants are a = 11.7615 Å, b = 4.2062 Å, and c = 4.5475 
Å. With Cd defects and Sn vacancies at different concentrations, we constructed 2×4×4 (256 
atoms) and 2×5×5 (400 atoms) supercells. The atoms in supercells were relaxed with 3×3×3 
Γ-centered k-mesh until the forces of each atom are smaller than 10−3 eV Å-1. The densities 
of states were calculated by using 3×3×3 Γ-centered k-mesh with the tetrahedron smearing 
method. The band structures along high-symmetry directions were calculated by using 
Gaussian smearing method. 
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Chapter 8 Achieving High Thermoelectric Performance in n-
type Sb-Doped SnSe 
Considering the requirement of both p-type and n-type thermoelectric materials for 
composing the thermoelectric modules, it is highly needed to synthesize high-performance 
n-type polycrystalline SnSe. In this chapter, we investigate one original research work of 
realizing high thermoelectric performance in n-type highly distorted Sb-doped SnSe 
microplates via tuning high electron concentration and inducing intensive crystal defects. 
8.1 Overview 
The p-type polycrystalline SnSe has become a research topic, and the current ZT values from 
p-type polycrystals have improved to a great extent. However, considering the requirement 
of both p-type and n-type thermoelectric materials for composing the thermoelectric modules, 
it is highly needed to synthesize high-performance n-type polycrystalline SnSe, from which 
the ZT values are difficult to be beyond 1.0, much lower than their p-type counterparts. In 
addition, the substitution of dopant elements is uncertain, and the valence state of dopant is 
still under study. It is urgent to understand the n-type doping behavior, which is important for 
exploring suitable dopants to further improve their thermoelectric performance. 
Herein, we report a record high figure-of-merit (ZT) of ~ 1.1 at 773 K in n-type highly-distorted 
Sb-doped SnSe microplates via an advanced solvothermal method. The pellets sintered from 
the Sb-doped SnSe microplates show a S2σ factor of ~ 2.4 μW cm-1 K-2 and an ultralow κ of 
~ 0.17 W m-1 K-1 at 773 K, leading a record high ZT. Such a high S2σ is attributed to a high n 
of 3.94 × 1019 cm-3 via Sb-enabled electron doping, and the ultralow κ derives from the 
enhanced phonon scattering at intensive crystal defects, including severe lattice distortions, 
dislocations, and lattice bent, observed by detailed structural characterizations. 
This study fills in the gaps of fundamental doping mechanisms of Sb in SnSe system, and 
provides a new perspective to achieve high thermoelectric performance in n-type 
polycrystalline SnSe. This work was published in Advanced Energy Materials, 2018: 1800775. 
https://doi.org/10.1002/aenm.201800775. 
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8.2.1 Abstract 
In this study, we report a record high figure-of-merit (ZT) of ~1.1 at 773 K in n-type highly-
distorted Sb-doped SnSe microplates via a facile solvothermal method. The pellets sintered 
from the Sb-doped SnSe microplates show a high power factor of ~2.4 μW cm-1 K-2 and an 
ultralow thermal conductivity of ~0.17 W m-1 K-1 at 773 K, leading a record high ZT. Such a 
high power factor is attributed to a high electron concentration of 3.94×1019 cm-3 via Sb-
enabled electron doping, and the ultralow thermal conductivity derives from the enhanced 
phonon scattering at intensive crystal defects, including severe lattice distortions, dislocations, 
and lattice bent, observed by detailed structural characterizations. This study fills in the gaps 
of fundamental doping mechanisms of Sb in SnSe system, and provides a new perspective 
to achieve high thermoelectric performance in n-type polycrystalline SnSe. 
 
8.2.2 Introduction 
Thermoelectric materials enable direct solid-state cooling and power generation, and in turn 
offer an alternative solution with full potentials for waste-heat recovery, air conditioning, and 
refrigeration.1-4 To evaluate the thermoelectric efficiency, the figure-of-merit (ZT) is defined 
as ZT = S2σT/κ = S2σT/(κe + κl), where S, σ, κ, κe, κl, and T are the Seebeck coefficient, the 
electrical conductivity, the total thermal conductivity, the electrical thermal conductivity, the 
lattice thermal conductivity, and the absolute temperature, respectively.3, 5 A high powder 
factor (S2σ) and a low κ are required to achieve a high ZT value.6-8 So far, significant efforts 
have been devoted to enhancing S2σ and/or reduce κ.9 For the strategies of achieving high 
S2σ, resonant state doping,10-12 band converging,13-16 minority carrier blocking,17-18 and 
quantum confinement,19-21 were designed and developed. For reducing κ, the strategies of 
nanostructuring,22-25 hierarchical architecturing,26-28 and nanoprecipitate inducing,29-31 were 
successfully adopted. 
Tin selenide (SnSe) is a typical semiconductor with a narrow band-gaped of ~0.9 eV,32-34 
making it a good candidate with great potentials for applications in low-cost thermoelectrics.35-
37 A remarkable high peak ZT of ~2.6 at 923 K was reported in the p-type SnSe single 
crystals,38 and a relative high ZT of ~2.2 at 773 K was also achieved from the n-type Bi-doped 
SnSe single crystals,39 both along their b-axes. Such high ZT values come from their ultralow 
κ (both < 0.3 W m-1 K-1 at 773 K).38-39 However, suffered from their poor mechanical properties, 
rigid crystal growth conditions, and high production cost, SnSe single crystals are difficult to 
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be employed in practical thermoelectric devices, and the techniques used for growing single 
crystals are limited for repeatable and industrial scale-up.40 To overcome these challenges, 
polycrystalline SnSe has become a research topic. To synthesize polycrystalline SnSe, 
various methods have been explored, such as melting,40-42 arc-melting,43-44 mechanical 
alloying,45-47 solid state reaction,48-50 and hydrothermal51-53 or solvothermal methods.54-55 To 
achieve a high ZT, texturing and doping have been two key approaches to enhance S2σ 
and/or reduce κ, from which the ZT values have been improved from 0.1 to ~1.7 (p-type), 
although such ZT values are still much lower than their single crystal counterparts due to their 
relatively high κ and low S2σ. 
Considering the requirement of both p-type and n-type thermoelectric materials for 
composing the thermoelectric modules, it is highly needed to synthesize high-performance 
n-type polycrystalline SnSe. However, due to the nature of SnSe (large amount of Sn 
vacancies in SnSe system),55 SnSe always presents an intrinsic p-type behavior, making it 
hard to realize n-type, as well as a high thermoelectric performance. Halogens, such as Cl, 
Br, and I, are potential candidates to realize n-type doping because the valence state of 
halogens is -1 in most compounds.56-60 However, the high reactivity of halogens makes them 
difficult to be doped into the SnSe system via solution routes even though melting has been 
used to dope halogens in SnSe bulk.57-59 Besides, group V elements such as Bi were used,57 
which unveiled a potential of n-type polycrystalline SnSe-based thermoelectric materials. 
However, these studies are still controversial. In particular, the substitution of dopant 
elements is uncertain, and the valence state of dopant is still under study. Therefore, it is 
urgent to understand the n-type doping behavior, which is important for exploring suitable 
dopants to further improve their thermoelectric performance. 
To achieve this goal, in this study, we choose Sb as n-type dopant in SnSe because Sb is a 
typical amphoteric metal,61 which can present +3 valence state (such as Sb2Se362 and 
Sb2Te363) in most situations, resulting in n-type doping. Meanwhile, the neighborhood of 
atomic numbers between Sn (50) and Sb (51) makes it be feasible to dope Sb into the SnSe 
system, and there is no previous report for the Sb-doped n-type SnSe. Therefore, this study 
fills the gap and explores the mechanism of Sb-doping in SnSe system. In terms of the 
synthesis method, we choose an advanced solvothermal route to synthesize n-type Sb-
doped SnSe microplates, as illustrated in Figure 8.1(a). Compared with other synthesis 
methods (such as melting), we can conveniently explore the solubility of Sb in SnSe, and 
then realize different doping levels via simply adjusting parameters during solvothermal 
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synthesis without producing any secondary phase (detailed discussion is shown in 
Supporting Information (ESI), Figure 8.9).55 We use X-ray diffraction (XRD), X-ray 
photoelectron spectroscopy (XPS), and the electron probe micro-analyzer (EPMA) to 
comprehensively determine the chemical features of the synthesized products, and conclude 
that Sb should give rise to Se vacancies with the ratio of roughly 2:1 of the doped Sb (defined 
as SnSbxSe1-2x) due to the atomic difference, making the system n-type, as shown in Figure 
8.1(b). We also use scanning electron microscopy (SEM), high-resolution transmission 
electron microscopy (HRTEM), and spherical aberration corrected scanning transmission 
electron microscopy (Cs-corrected STEM) to systematically study the doping behaviors down 
to the atomic level,54-55, 64-65 from which crystal defects, including severe lattice distortions, 
dislocations, and lattice bent were observed, derived from the non-uniform doping of Sb in 
SnSe lattice, as illustrated in Figure 8.1(c). At last, we sintered the microplates into pellets 
by spark plasma sintering (SPS) technique to measure their thermoelectric performance, as 
shown in Figure 8.1(d), and a competitive high ZT of ~1.1 is achieved in our n-typed 
SnSb0.02Se0.96 pellets at 773 K, as shown in Figure 8.1(e). Compared with the reported 
values,57, 59 our Sb-doped SnSe possesses full potential for the applications of n-type medium 
temperature thermoelectric devices. 
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Figure 8.1 Illustrations of Sb-doped SnSe for (a) the fabrication process, (b) crystal structure 
viewed along the b-axis and the characterization techniques used, (c) potential phonon 
scattering at induced dislocations and strain fields, (d) sintering process, and (e) obtained ZT 
value compared with other n-type polycrystalline SnSe.59, 61 
 
8.2.3 Results and Discussion 
In this study, we used EPMA to statistically analyze and determine the exact chemical 
compositions of Sb-doped SnSe products. After careful EPMA analyses of products 
synthesized by different Sb doping concentrations, we determined that the solubility of Sb in 
SnSe is ~1.6 at %. In order to study the thermoelectric properties of Sb-doped SnSe, we 
chose three different nominal Sb doping levels, namely 0.5 %, 1.0 %, and 1.5 %, respectively. 
Our intensive EPMA analyses show that the ratio of Sn:Sb:Se are 50.3:0.50:49.2, 
50.5:1.01:48.5, and 50.8:1.52:47.7 for our three products, suggesting the ratio of Sn, Sb, and 
Se as 1:0.01:0.98, 1:0.02:0.96, and 1:0.03:0.94, respectively. Therefore, we defined the 
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compositions of these synthesized products as SnSb0.01Se0.98, SnSb0.02Se0.96, and 
SnSb0.03Se0.94, respectively. 
Structural and morphological characteristics. Figure 8.2(a) shows XRD patterns of 
synthesized SnSbxSe1-2x products with different x values (x = 0, 0.01, 0.02, and 0.03). All the 
diffraction peaks can be exclusively indexed as an orthorhombic structured SnSe and a space 
group of Pnma (Standard Identification Card, JCPDS 48-1224). As can be seen in Figure 
8.2(a), the 400* diffraction peak is the strongest peak for all the synthesized products, 
suggesting that all the synthesized products contain significant {100} surfaces, thus making 
the other peaks weak. To make a clear claim for this, Figure 8.9 in ESI shows the detailed 
results. Figure 8.2(b) is enlarged 400* diffraction peaks, and shows that all 400* peaks are 
deviated from the standard value at 2θ = 31.081°. Even for the synthesized products with x 
= 0, the right-shifted 400* peak indicates a shrank unit cell, caused by a high-level Sn 
vacancies in the synthesized SnSe.55 Our extensive EPMA investigations show that the true 
atomic ratio of Sn:Se is ~0.99:1.55 With increasing the Sb doping level, the 400* diffraction 
peaks shift towards higher 2θ, indicating a decrease of the lattice parameter a.66 Figure 8.2(c) 
are the plots of the calculated lattice parameters (a, b, and c) as a function of x (details see 
Experimental Section). As can be seen, with increasing x, all a, b and c decrease slightly, 
indicating the shortening of the lattice parameters.67 As a result, the unit cell volume of SnSe 
shrinks, as shown in Figure 8.2(d). 
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Figure 8.2 (a) XRD patterns of the synthesized SnSbxSe1-2x products with different x values, 
(b) enlarged 400* peak, (c) determined lattice parameters a, b, and c as a function of x, and 
(d) unit cell volumes as a function of x. 
 
The Valence State of Sb. Figure 8.3(a) shows the full survey scan of XPS spectra of as-
synthesized SnSb0.03Se0.94 microplates, indicating the presence of Sn 3d, Se 3d, and Sb 3d 
energy states, without any energy states of other elements except O and C. To clarify the 
detailed information of Sn, Se, and Sb, Figure 8.3(b-d) show high-resolution scans of XPS 
spectra for Sn 3d, Se 3d, and Sb 3d, respectively. As can be seen, the peaks of Sn 3d3/2 and 
Sn 3d5/2 are almost singlet (Figure 8.3(b)). Except a small peak for SnO2 which is the nature 
of Sn, no other accessorial binding energy peaks can be found, indicating divalent 
characteristics of Sn ions. Previous studies report that extended exposure to air can result in 
some oxidation,68-70 and these SnO2 has about 140 times higher κ of 98 W m-1 K-1.70-71 Thus, 
it is the nature of SnSe, and should be avoided via carefully handling and measurement. For 
Se, a binding energy peak at 53.7 eV corresponding to Se 3d is observed in Figure 8.3(c), 
suggesting that Se is attached to Sn2+.54 For Sb, as shown in Figure 8.3(d), strong peaks 
corresponding to Sb 3d5/2 were observed at ~528.3 eV, indicating the valence state of Sb in 
SnSe system is -3, similar to InSb. 
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Figure 8.3 (a) Survey scan of XPS spectra for synthesized Sb-doped SnSb0.03Se0.94, and 
high-resolution scans of XPS spectra for the elements (b) Sn 3d, (c) Se 3d, and (d) Sb 3d. 
 
Morphology of Sb-doped SnSe crystals. Figure 8.4(a) shows the optical image of as-
synthesized SnSb0.03Se0.94 products that are dark-color powders. Figure 8.4(b-c) show their 
typical low-magnification and high-magnification SEM images, indicating Sb-doped 
microplates agglomerate together to form flower-like morphologies, and the most significant 
surfaces are also (100), similar to their undoped counterparts (shown in Figure 8.10 in ESI). 
Interestingly, bent microplates can be often seen (refer to Figure 8.4(c)). In addition, highly-
stepped surfaces can be observed in SnSb0.03Se0.94 microplates, as shown in Figure 8.4(d). 
Figure 8.4(e) shows top-view SEM image of a typical SnSb0.03Se0.94 plate, from which 
stepped surfaces can be observed. Furthermore, Figure 8.4(f) shows a cracked 
SnSb0.03Se0.94 microplates, from which significant stepped surfaces can be observed, 
indicating the cleavage of the atomic planes {100}. The labelled symmetry lines indicate 
potential growth steps. 
239 
 
 
Figure 8.4 (a) Optical and (b) SEM images of synthesized SnSb0.03Se0.94 microplates, (c) 
magnified SEM image of flower-like SnSb0.03Se0.94 microplates, (d) magnified SEM image of 
SnSb0.03Se0.94 microplates circled in (c) to show stepped (100) surface, (e) magnified SEM 
image of one SnSb0.03Se0.94 microplate with circled imperfections and crystal bent, and (f) 
magnified SEM image of one cracked SnSb0.03Se0.94 microplate with labelled symmetry. 
 
Structural and chemical characteristics of as-synthesized Sb-doped SnSe. To understand 
these characteristics, TEM investigations were performed.72-74 Here, we selected 
SnSb0.03Se0.94 microplate for detailed investigations. Figure 8.5(a) shows a TEM image taken 
from a typical plate. As can be seen from the edge of the plate, surface steps can be 
witnessed as the contract change. Figure 8.5(b) is its corresponding [100] zone-axis 
selected area electron diffraction (SAED) pattern, indicating a typical orthorhombic structure 
of SnSe, similar to its undoped counterpart (shown in Figure 8.11 in ESI). Figure 8.5(c) is a 
high-resolution TEM image taken from an edge of the plate, in which thickness contrast can 
be seen at the bottom-right image, suggesting a surface step. Figure 8.5(d) is a zoom-in 
high-resolution TEM image taken from the area the thickness changes, in which different 
contrasts can be observed. Figure 8.5(e) is a magnified TEM image taken from Figure 8.5(a), 
in which a dislocation network approximately parallel to the {100} surface with averaged 
spacing of 100 nm is seen. Figure 8.5(f) is a high-resolution TEM image taken from highly 
strained area, and Figure 8.5(g) is a zoom-in high-resolution TEM image showing the local 
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lattice bent. To confirm Sb incorporating in SnSe, EDS mapping was performed. Figure 8.5(h) 
shows the corresponding EDS spot analysis with inset being Sn, Se, and Sb maps, 
respectively. Our extensive EDS measurements confirm the chemical composition of 
SnSb0.03Se0.94, as shown in the inset of Figure 8.5(h). There are more evidences in 
SnSb0.01Se0.98 multilayers to support the common crystal imperfections and lattice distortions, 
which are shown in Figure 8.12 in ESI. 
 
Figure 8.5 (a) TEM image of a typical SnSb0.03Se0.94 plate, (b) corresponding SAED pattern, 
(c) HRTEM image taken from an edge of the plate, (d) zoom-in HRTEM image taken from 
the area the thickness changes, (e) TEM image taken from a dark area in (a), (f) HRTEM 
image taken from highly strained area, (g) zoom-in HRTEM image showing the local lattice 
bent, (h) EDS spot results with inserted mapping results for Sn, Se, and Sb, respectively. The 
Cu signals come from the copper grid of TEM. 
 
Thermoelectric Performance. To determine the thermoelectric properties of our Sb-doped 
SnSe, we sintered our SnSbxSe1-2x products (with x = 0.01, 0.02, and 0.03, respectively) into 
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pellets (a case of SnSb0.03Se0.94 is shown in Figure 8.13 in ESI), and cut the pellets into 
rectangular chips for measurement of the main thermoelectric properties (σ, S, S2σ, and κ) 
within the temperature range between 300 and 823 K. Considered that all properties 
measured along the ⊥ directions (perpendicular to the sintering pressure) are higher than 
that measured along the // directions (parallel to the sintering pressure) due to the anisotropy 
(shown in Figure 8.14 in ESI),38, 55 we chose the ⊥ direction as the main measured direction 
in the following discussions. Besides, good repeatability is achieved with measured 
fluctuations of σ, S and κ being 10 %, 2 % and 5 %, respectively. Figure 8.6(a) shows 
measured temperature-dependent S for our SnSbxSe1-2x pellets with different x values, and 
the S values from n-type polycrystalline SnSe57, 59 reported are also plotted for comparison. 
As can be seen, after doping with Sb, our S values become minus, indicating that n-type 
doping is succeeded.55 With increasing x, the absolute S values decrease, indicating 
enhanced electron carrier concentration n. With increasing the temperature, the absolute 
value of S gradually decreases due to the additional n enhancement caused by the thermal 
activation. However, this trend is different from some previous studies59, 61 as compared 
shown in Figure 8.6(a). Figure 8.6(b) shows measured temperature-dependent σ for our 
SnSbxSe1-2x pellets, and σ values reported from other n-type polycrystalline SnSe57, 59 are 
also plotted for comparison. Surprisingly, after doping with Sb, the σ values drastically 
decrease at room temperature, indicating drop of carrier mobility μ. This result is similar to 
the case of Sn0.9Se0.87I0.03S0.1.59 As a result, S2σ of SnSbxSe1-2x is lower than previous 
studies55, 57, 59, as shown in Figure 8.6(c). Figure 8.6(d) shows the calculated temperature-
dependent κ for our SnSbxSe1-2x pellets determined from κ = D·Cp·ρ,55 D and Cp are plotted 
in Figure 8.15(a-b) in ESI, respectively, and measured ρ values are listed in Table 8.1. For 
κ, it is clear that, with increasing x, κ decreases, caused by the increased crystal defects such 
as distorted lattice and dislocations in our Sb-doped SnSe. These defects can effectively 
strengthen the phonon scattering. An ultralow κ of ~0.16 W m-1 K-1 at 773 K can be achieved 
when x = 0.03. Because our sintered pellets have high relative densities (all > 98.2 %),38, 75 
these κ values must be close to its intrinsic value. 
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Figure 8.6 Plots of measured properties from our SnSbxSe1-2x pellets (x = 0.01, 0.02, and 
0.03) as a function of T for (a) S, (b) σ, (c) S2σ, and (d) κ. The relevant properties of n-type 
polycrystalline SnSe62, 64 reported are also plotted for comparison. 
 
Since n and μ are critical parameters for the thermoelectric performance of materials, we also 
measured the temperature-dependent n and μ for our SnSbxSe1-2x pellets, as shown in 
Figure 8.7(a-b), respectively, and the main properties, including n, μ, σ, S, S2σ, Cp, and κ 
measured at both room temperature (300 K) and high temperature (823 K), are also 
summarized in Table 8.1. As shown in Figure 8.7(a), with increasing T, n values from all 
pellets gradually increase, which is mainly trigged by thermal activation.35 With increasing x, 
n is enhanced obviously, derived from the higher Se vacancy. For μ, Figure 8.7(b) indicates 
its relation with temperature. The relation of power law (μ ∝ T d) governs the variation of μ as 
a function of T.54, 76 There are three regions for μ. In the first region, at low temperatures (298 
– 373 K), μ increases with temperature roughly following curves related to μ ∝ T 1.3, indicating 
that the scattering mechanism is essentially due to the ionized impurities.54, 76 In the second 
region, at medium temperatures (373 – 573 K), μ decreases with temperature well following 
curves related to μ ∝ T -1.5, indicating that the scattering mechanism is dominated by acoustic 
phonon scattering.54, 76 In the third region, at high temperatures (573 – 823 K), the μ increases 
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with temperature roughly following curves related to μ ∝ T 1.5, indicating that additional 
scattering mechanisms exist in our Sb-doped SnSe system. Previous studies show that 
potential barrier scattering at grain boundary and/or crystal defects combined with phonon 
scattering may cause such special μ ∝ T d relation.54, 77-78 Considered that our Sb-doped 
SnSe have intensive crystal defects, these results are reasonable. Meanwhile, as shown in 
Figure 8.7(b), μ drops with Sb doping level, which should derive from the increasingly 
intensive crystal defects in SnSbxSe1-2x crystals, which severely impedes the mobility of 
carriers. Thus, combined n and μ, it is obvious that with increasing the temperature, a typical 
thermally activated semiconducting behavior attributes to the thermal excitation of carriers, 
which contributes to the increase of σ. 
 
Figure 8.7 Plots of measured properties from our SnSbxSe1-2x pellets (x = 0.01, 0.02, and 
0.03) for (a) n as a function of T, (b) μ as a function of T, (c) κe as a function of T, (d) κl as a 
function of T, (e) κl as a function of 1000/T, and (f) calculated κl/κ ratio as a function of T. 
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To further understand the achieved ultralow κ in our pellets, we investigate the electrical 
contributions (κe) and lattice contributions (κl). κe and κl are determined by κe = L·σ·T and κl 
= κ - κe according to the Wiedemann-Franz law,79 where L is the Lorenz number and L = 
1.5×10-8 V2 K-2 is used in this study due to that SnSe is a typical thermoelectric material with 
κ significantly depending on phonon scattering.38, 80-82 Figure 8.7(c) shows the determined 
temperature-dependent κe for our pellets, in which the obtained σ shown in Figure 8.6(b) 
were used for determining κe. Our obtained κe possess the same trend of corresponding σ, 
but the values are very low. Figure 8.7(d) plots κl using κl = κ - κe for our pellets, where all κl 
values are significantly low. Figure 8.7(e) shows the plots of κl as a function of 1000/T for 
pellets, and all the plots show a linear relationship, indicating that the phonon scattering is 
dominated by Umklapp phonon scattering.83-84 Considered that SnSe has ultralow κl resulted 
from the strong bonding anharmonicity38, 84 caused by the long-range resonant network of Se 
p-bonds coupled to active Sn 5s orbitals,85-89 as well as the observed crystal defects such as 
the lattice distortions, dislocations, crystal bent, and grain boundaries or interfaces,24, 90 such 
low κl values are reasonable. Figure 8.7(f) shows the calculated κl/κ ratio for our pellets, in 
which κl occupied 55 % of κ in the entire temperature range, indicating that phonon transport 
is significant for κ. 
 
Table 8.1 The ρ, n, μ, σ, S, S2σ, Cp, and κ of our SnSbxSe1-2x for x = 0.01, 0.02, and 0.03 at 
both room temperature (300 K) and high temperature (823 K). 
Parameters x = 0.01 x = 0.02 x = 0.03 
ρ (g cm-3) 6.076 6.082 6.085 
n (cm-3) at 300 K  2.25×1015 1.51×1017 7.84×1018 
n (cm-3) at 823 K 2.54×1018 3.94×1019 4.49×1020 
μ (cm2 V-1 s-1) at 300 K 35.57 4.02 0.65 
μ (cm2 V-1 s-1) at 823 K 53.31 8.55 0.97 
σ (S cm-1) at 300 K 0.01 0.10 0.81 
σ (S cm-1) at 823 K 21.7 54.0 69.6 
S (μV K-1) at 300 K -587.9 -377.1 -198.5 
S (μV K-1) at 823 K -280.2 -197.5 -105.1 
S2σ (μW cm-1 K-2) at 300 K 0.004 0.014 0.032 
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S2σ (μW cm-1 K-2) at 823 K 1.71 2.11 0.77 
Cp (J g-1 K-1) at 300 K 0.267 0.260 0.255 
Cp (J g-1 K-1) at 823 K 0.282 0.276 0.272 
κ (W m-1 K-1) at 300 K 0.63 0.46 0.35 
κ (W m-1 K-1) at 823 K 0.31 0.22 0.20 
 
Understanding the obtained ultralow κl. To further explore the obtained ultralow κl and confirm 
that the compositional and structural features have been successfully maintained during the 
sintering, intensive XRD, TEM and Cs-STEM investigations on our sintered SnSb0.03Se0.94 
pellets are performed. Figure 8.8(a) is typical XRD results for both pure SnSe and 
SnSb0.03Se0.94 pellets, all diffraction peaks for all synthesized products can be exclusively 
indexed as the orthorhombic structured SnSe, and a space group of Pnma (Standard 
Identification Card, JCPDS 48-1224), indicating that the compositional features successfully 
kept after sintering, and no other phase was observed. Figure 8.8(b) is magnified XRD 
patterns and shows the peak deviation at 111* and 400*, from which the samples cut along 
the ⊥ direction show a strong 400* peak. In contrast, the samples cut along the // direction 
shows a weak 400* peak, but a strong 111* peak, which derives from the strong anisotropy. 
Besides, compared with the pure SnSe pellets, the 111* and 400* peaks from SnSb0.03Se0.94 
pellets shift towards a higher 2θ, indicating that Sb atoms are still incorporated into the SnSe 
lattice. 
Figure 8.8(c) is a magnified TEM image taken from a laminar TEM specimen sliced using 
Ultramicrotone (as shown in the inserted TEM image in Figure 8.8(c)), in which significant 
cracks (fractured during Ultramicrotone) can be seen. Nevertheless, crystals can be seen 
between the cracks, which can be used to evaluate the structural characteristics of sintered 
pellets. Figure 8.8(d) is a [100] zone-axis HRTEM image, where strain contrast is observed. 
Figure 8.8(e) is another HRTEM image taken from Figure 8.8(c) viewed along the [001] 
zone-axis, from which significant lattice distortion can be seen. Through our detailed HRTEM 
investigation, edge dislocations with Burgers vectors parallel to the {100} plane can be seen, 
and an example is shown as inset in Figure 8.8(e). In fact, this finding matches well with the 
observed dislocation network found in as-synthesized microplates. 
To understand the impact of such severe strain contrast on the Sn/Se (Sb) slab stack, Cs-
corrected STEM high-angle annular dark-field (HAADF) investigations were performed. 
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Figure 8.8(f) is a typical STEM-HAADF image taken from a SnSb0.03Se0.94 sample viewed 
along the a-axis, which also shows non-uniform atomic columns, caused possibly by the local 
elemental and/or strain variations. This explains the strain contrast observed in HRTEM 
images discussed above. Considered κ of SnSe-based thermoelectric materials is dominant 
by κl (lattice contributions to phonon transport),38, 55 such local compositional/structural 
variations causes lattice distortions, which in turn enhance the phonon scatterings and 
contribute to low κl. All these results demonstrate that the compositional and structural 
features have been successfully maintained during the sintering. In fact, the “intensive crystal 
defects” were derived from the synthesis, which has been shown in Figure 8.5. 
 
Figure 8.8 (a) XRD patterns of sintered SnSe pellets (both pure SnSe and SnSb0.03Se0.94) 
measured along both the ⊥ (pink line) and // (yellow line) direction, (b) magnified XRD 
patterns to see the peak deviation at 111* and 400*, (c) magnified TEM image taken from a 
laminar TEM specimen sliced using Ultramicrotone as shown in the inserted TEM image, (d) 
[100] zone-axis HRTEM image with inserted FFT patterns, (e) [001] zone-axis HRTEM 
image with inserted FFT patterns and dislocation, (f) Cs-STEM HAADF image viewed along 
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the a-axis, and (g) EDS scan lines taken from a Cs-STEM HAADF image viewed along the 
a-axis. 
 
To determine the Sb doping behavior in SnSe, Figure 8.8(g) shows EDS scan lines taken 
from a Cs-STEM HAADF image viewed along the a-axis. The lengths of scan lines are 31.3 
nm for Sn, Se and Sb, respectively, and the number of measured points for each line is 200, 
thus it can provide atomic evidence for the substitution of Sb. Although the Sn and Se signals 
fluctuate, they follows opposite trend. For Sb, we statistically measurement suggests that 
more than 70 % of Sb peaks/valleys have the same trend as Se. Besides, the calculated 
average at. % values in this case for Sn, Se and Sb are 56.4 %, 39.7 % and 3.9 %, 
respectively. All these experimental results indicate the substitution nature of Sb in Se sites 
and Se vacancies, agreeing with the discussion above. In fact, Sb is a typical amphoteric 
metal and can show +3 and -3 valence states in different situations,91-92 which is different 
from Bi since Bi often shows traditional metal behaviors. Therefore, Sb may present different 
doping behavior from Bi, and act as Sb3- in our SnSe system. 
To compare our thermoelectric properties with other works of n-type SnSe in more detail, 
Table 8.2 summaries the main thermoelectric properties, including ZT, σ, S, S2σ, κ, n, and ρ 
between n-type doped SnSe. As can been seen, the ultralow κ plays the dominant role in 
achieving a competitive high ZT of ~1.1 at 773 K in our Sb-doped SnSe. Figure 8.16 in ESI 
also presents the calculated average and peak ZTs of SnSb0.02Se0.96 compared with other 
reported n-type polycrystalline SnSe (SnSe0.95 + 4 % BiCl3,57 SnSe0.87I0.03S0.1,59 SnSe0.95 + 
3 % PbBr2,58 and Sn0.74Pb0.20Ti0.06Se,93 respectively). 
 
Table 8.2 A comprehensive summary on the thermoelectric performance of the n-type doped 
polycrystalline SnSe. The * means the n values were measured at room temperature. Here, 
solvothermal is abbreviated as ST, hydrothermal is abbreviated as HT, melting is abbreviated 
as M, mechanical alloying is abbreviated as MA, and hot-pressing is abbreviated as HP. 
Product Synthetic 
Method 
ZT T 
(K) 
σ (S 
cm-1) 
S (μV 
K-1) 
S2σ 
(μW 
cm-1K-
2) 
κ (W 
m-1 K-
1) 
n cm-3 Ref. 
SnSb0.02Se0.96 ST+SPS 1.1 773 ~39.4 ~-
247.0 
~2.40 ~0.17 3.94×1019 This 
work 
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Sn0.74Pb0.20Ti0.06Se MA+SPS 0.4 773 ~14.8 -450 3.00 ~0.58 2.47×10
16 
* 
93 
SnSe0.95 - 3 % PbBr2 M+HP 0.54 793 ~36.0 ~ -
360.0 
~4.67 ~0.72 -
1.86×1019 
* 
58 
SnSe0.95 - 0.4 % BiCl3 M+SPS 0.7 793 ~28.9 ~ -
414.0 
~4.95 ~0.60 -
1.07×1019 
* 
57 
SiC/SnSe composites M+MA+HP 0.13 300 ~7.3 -581 ~ 2.45 ~0.6 -
5.77×1018 
94 
SnSe0.87S0.1I0.03 M+MA+HP ~1.0 773 ~10.0 ~ -
624.5 
~3.90 ~0.30 -3.8×1016 
* 
59 
(Sn0.9Se0.87I0.03)(SnS)0.1 M+MA+HP ~1.0 773 ~16.0 ~ -
500.0 
~4.00 ~0.36 -3.8×1016 
* 
59 
(PbSe)0.9(SnSe)0.1 MA+SPS 1.0 773 491.1 ~ -
183.3 
~16.5 ~1.2 -3.5×1019 95 
SnSe0.9375Te0.0625 M+HP - 673 ~3.63 ~ -
276.2 
~0.27 - -2.1×1017 
* 
49 
SnSe-Cl (0.6 %) HT+HP - 540 ~9.0 ~ -
264.8 
~0.63 - -
6.43×1018 
* 
56 
 
8.2.4 Conclusion 
An advanced solvothermal method is used to synthesize Sb-doped SnSe microplates. 
Detailed chemical characterizations demonstrate that the induced Sb presents -3 valence, 
and can give rise to Se vacancies with the ratio of roughly 2:1 of the induced Sb, making the 
system as n-type SnSbxSe1-2x microplates. Detailed structural characterizations suggest that 
the solubility of Sb in SnSe system is 1.6 at. % and the induced Sb results in obvious crystal 
imperfections such as intensive lattice distortions, dislocations, and crystal bent, which 
contribute to an ultralow κ of ~0.17 W m-1 K-1 at 773 K. Meanwhile, a high n of 3.94×1019 cm-
3 is observed in the Sb-doped SnSe sample, leading a moderate electrical transport property 
at the same temperature. Thus, a record high ZT of ~1.1 at 773 K was observed in n-type 
Sb-doped polycrystalline SnSe. This study fills in the gaps of fundamental doping 
mechanisms of Sb in SnSe system, and provides a new perspective to achieve high 
thermoelectric performance in n-type SnSe-based thermoelectric materials. 
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8.2.5 Experimental Section 
Reagents and Synthesis. Single crystal SnSe microplates were solvothermally synthesized 
using Na2SeO3 (99.99 %), SnCl2·2H2O (99.99 %), Sb2O3 (99.99 %), ethylene glycol 
anhydrous (99.8 %), and NaOH (99.99 %) as precursors (all purchased from Sigma-Aldrich 
Co. LLC). During the reaction, ethylene glycol acted as both the solvent and the reducing 
agent, which can be expressed as:54 
SnCl2·2H2O 
𝐶2𝐻6𝑂2
→     Sn2+ + 2Cl- + 2H2O    (8-1) 
Na2SeO3 
𝐶2𝐻6𝑂2
→     2Na+ + SeO32-     (8-2) 
SeO32- + C2H6O2 
  
→ Se + C2H2O2 + H2O + 2OH-  (8-3) 
2Sb2O3 + 3C2H6O2 
  
→ 4Sb + 3C2H2O2 + 6H2O    (8-4) 
and NaOH was used to adjust the environment of solvent (pH), benefited the ion reaction 
of:51, 54, 96 
Se + Sn2+ 
 
→ Se2- + Sn4+       (8-5) 
2Sb + 3Sn2+ 
  
→ 2Sb3- + 3Sn4+     (8-6) 
xSn2+ + ySb3- + zSe2- 
  
→ SnxSbySez (Not balanced)   (8-7) 
In a typical synthesis, Na2SeO3 and SnCl2·2H2O were dissolved in ethylene glycol (EG, 45 
ml), and then added Sb2O3 and 10 mol L-1 NaOH (7.5 ml), kept stirring for 10 min at room 
temperature. The solution was then sealed in a 125 ml polytetrafluoroethylene-lined stainless 
steel autoclave. The autoclave was heated in an oven at 230 °C for 36 h, followed by naturally 
cooled to room temperature. The synthesized products were collected by centrifugation and 
washed by ethanol and deionized water for several times before drying in the oven at 60 °C 
for 15 h. 
Sintering and Thermoelectric Properties Measurements. To measure their thermoelectric 
properties, the synthesized products were sintered by SPS (SPS-211Lx, Fuji Electronic Co., 
Ltd.) at 573 °C for 5 min with a pressure of 60 MPa to form disc-shaped pellets with a 
dimension of Ф = 12.6 mm and h = 7.5 mm. The densities (ρ) of the sintered pellets were 
measured by the Archimedes method.55 Due to the nature of strong anisotropy in SnSe,38, 55 
the thermoelectric performances of sintered pellets were all evaluated along the directions 
that are perpendicular to the sintering pressure, including σ, S, n, μ, and κ. In our 
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measurements, σ and S were measured simultaneously using a Seebeck coefficient/electric 
resistivity measuring system (ZEM-3, ULVAC Technologies, Inc.) under the temperature 
ranging between 300 and 823 K. The thermal diffusivity D was measured using the laser flash 
diffusivity method (LFA 457, NETZSCH Group). κ was calculated using κ = D·Cp·ρ,38 where 
Cp is the specific heat capacity obtained by differential scanning calorimetry (DSC 404 C; 
NETZSCH Group), and n was measured using the van der Pauw technique under a reversible 
magnetic field of 1.5 T. To ensure the repeatability of synthesized products and their 
demonstrated thermoelectric properties, each pellet are measured for at least 3 times. 
Characterizations. The synthesized products were characterized by XRD (Bruker-D8) to 
determine their crystal structures, and XPS (Kratos Axis Ultra) to determine the valence state 
of Sb in SnSe. The lattice parameters were obtained by analyzing the diffraction patterns with 
the JADE software package. The morphological characteristics of both synthesized products 
and sintered pellets were investigated using SEM (JSM-6610, JEOL Ltd.), and their structural 
and chemical characteristics were studied using HRTEM (TECNAI-F20) and Cs-corrected 
HR-STEM (Titan-G2). The TEM specimens of sintered specimens were prepared by slicing 
the sample using Ultramicrotone. The EPMA (JEOL JXA-8200) was used to determine their 
compositions, and the EDS (installed in TECNAI-F20) was used to identify the distribution of 
the elements. The instrumental error of EMPA is 0.1 %. There were 12 test areas for each 
sample. 
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8.3 Supporting Information 
8.3.1 Demonstration of Removing Sb2Se3 
To demonstrate the secondary phase can be effectively removed through ultrasonic 
separation and centrifuging technique after the solvothermal synthesis, we provide three 
detailed XRD patterns of synthesized products with pure SnSe, SnSb0.03Se0.94 with Sb2Se3 
secondary phase derived from the excessive usage of Sb source (Sb2O3) during solvothermal 
synthesis, and SnSb0.03Se0.94 after removing the Sb2Se3 secondary phase, respectively, as 
shown in Figure 8.9(a-c). It can be seen that when no Sb2O3 added, there is no Sb2Se3 
secondary phase; when achieving SnSb0.03Se0.94 before removing the Sb2Se3 secondary 
phase, clear Sb2Se3 can be seen; after removing the Sb2Se3 secondary phase, no Sb2Se3 
can be found, indicating high pure SnSe phase can be achieved. 
 
Figure 8.9 Detailed XRD patterns of synthesized products with (a) pure SnSe, (b) 
SnSb0.03Se0.94 before removing Sb2Se3 secondary phase, and (c) SnSb0.03Se0.94 after 
removing Sb2Se3 secondary phase. 
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8.3.2 Morphologies of SnSe Microplates 
For undoped SnSe products, the optical microscopic image (Figure 8.10(a)) shows that the 
products possess typical silver metallic lustre. Figure 8.10(b) is a typical SEM image, from 
which the rectangular microplates with their lateral dimension varies between 20 µm and 80 
µm are similar to the reported works.1-2 These microplates are randomly distributed with no 
agglomeration. Figure 8.10(c) is magnified SEM image of one typical SnSe microplate with 
labelled length, width, and thickness as shown in the inserted image. The single crystal plate 
is flat with little imperfections, indicating that the crystal is well growth. Figure 8.10(d) is 
magnified SEM image of one part of SnSe microplate with labelled (100) surface. It is obvious 
that compared with other surfaces, the SnSe plate has much more significant {100} surfaces, 
which explains why 400* is the strongest peak observed in XRD spectrums shown in Figure 
8.2(a). 
 
Figure 8.10 (a) Optical and (b) SEM images of synthesized SnSe microplates, (c) Magnified 
SEM image of one typical SnSe microplate with inserted SEM image to show the side surface, 
and (d) magnified SEM image of one typical SnSe microplate with labelled planes. 
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8.3.3 Structural Features of SnSe Microplates 
For undoped SnSe products, Figure 8.11(a) shows its TEM image with the plate laid 
perpendicular to the electron beam. Same to its SEM results, the exterior of microplate 
showed rough crystal information. Due to the considerable thickness of the plate, we use 
ultrasonic instrument to achieve some SnSe multilayers, as shown in Figure 8.11(b), and 
take HRTEM images and selected area electron diffraction (SAED) patterns from which. 
Figure 8.11(c) is the corresponding HRTEM image, and Figure 8.11(d) is the SAED pattern 
taken along the [100] zone-axis, indicating the microplate has typical orthorhombic structure 
and a {100} surface. 
 
Figure 8.11 (a) TEM image of one typical SnSe microplate, (b) TEM image of SnSe multi-
layers, (c) corresponding HR-TEM image, and (d) SAED pattern taken from the multi-layers 
shown in (b). 
 
8.3.4 Crystal Imperfections in SnSb0.01Se0.98 Microplates 
Similar to the case of SnSb0.03Se0.94, for SnSb0.01Se0.98 products, Figure 8.12(a) shows its 
TEM image with the plate laid perpendicular to the electron beam. The corresponding SAED 
pattern is shown in Figure 8.12(b), indicating a typical orthorhombic structure of SnSe. 
Figure 8.12(c) is the magnified TEM image taken from circled area in Figure 8.12(a). Crystal 
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imperfections can also be observed, but is less intensive than that in SnSb0.03Se0.94. Figure 
8.12(d) is a HRTEM image from circled area in Figure 8.12(c) to see the lattice with slight 
distortion, Figure 8.12(e) is a HRTEM image from circled area in Figure 8.12(c) to see the 
crystal imperfection, and Figure 8.12(f) is a HRTEM image from circled area in Figure 8.12(c) 
to see the distorted lattice. 
 
Figure 8.12 (a) TEM image from a typical SnSb0.01Se0.98 plate, (b) corresponding SAED 
pattern, (c) magnified TEM image taken from circled area in (a), (d) HRTEM image from 
circled area in (c) to see the lattice with slight distortion, (e) HRTEM image from circled area 
in (c) to see the crystal imperfection, and (f) HRTEM image from circled area in (c) to see the 
distorted lattice. 
 
8.3.5 Morphological Features of SnSb0.03Se0.94 Pellet 
To understand the morphological characteristics of our SnSbxSe1-2x pellets, SEM was 
employed to investigate the morphology of both polished and fractured surfaces. Figure 
8.13(a) shows the illustration of preparation for SnSb0.03Se0.94 samples with different 
directions (red for ⊥ and green for // to the sintering pressure) from the pellet. Figure 8.13(b-
c) show SEM images of polished sample surface along the ⊥ and // directions, respectively. 
A flat surface without observable flaw can be observed, indicating that our sintered pellets 
have high compact. Figure 8.13(d) is the SEM image of sample surface fractured from the ⊥ 
direction, and Figure 8.13(e) is the SEM image of sample surface fractured from the // 
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direction, respectively. Obvious grains with their boundaries can be observed, with strongly 
oriented anisotropy along the pressure direction. Figure 8.13(f) also shows magnified SEM 
image of sample surface fractured from the ⊥ direction, and the staggered SnSe layers can 
be observed from the fractured grains. 
 
Figure 8.13 (a) Illustration of preparation for sintered SnSb0.03Se0.94 samples with different 
directions (red for ⊥ and green for // to the sintering pressure) from the pellet, SEM images 
of polished SnSb0.03Se0.94 sample surfaces along (b) the ⊥ direction and (c) the // direction, 
SEM images of sample surfaces fractured from (d) the ⊥ direction and (e) the // direction, and 
(f) magnified SEM image of sample surface fractured from the ⊥ direction to see the 
staggered layers of SnSe. 
 
8.3.6 Anisotropy of Thermoelectric Performance 
To study the impact of anisotropy on the thermoelectric performance of our SnSe pellets, 
Figure 8.14(a-e) show the plots of properties (σ, S, S2σ, κ, and ZT) with different measured 
directions from our SnSe and SnSb0.03Se0.94 pellets as a function of T. The measured 
directions perpendicular to the sintering pressure is labelled as “⊥”, and the measured 
directions parallel to the sintering pressure is labelled as “//”. It is clear to see that except the 
S, all properties measured along ⊥ directions are higher than that measured along // 
directions due to the anisotropy, and this is why we chose ⊥ direction as the main measured 
direction in the following discussions. 
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Figure 8.14 Plots of properties with different measured directions from our SnSbxSe1-2x 
pellets with x = 0 and 0.02 as a function of T for (a) σ, (b) S, (c) S2σ, (d) κ, and (e) ZT. The 
measured directions perpendicular to the sintering pressure is labelled as “⊥”, and the 
measured directions parallel to the sintering pressure is labelled as “//”. 
 
8.3.7 Thermal Diffusivity and Specific Heat 
The measured Cp slightly increased in the entire temperature range for all pellets except a 
small peak at 800 K, indicating the phase transition. With increasing the x, Cp slightly 
decrease, indicating the variation of composition. 
 
Figure 8.15 Plots of measured (a) D and (b) Cp from our SnSbxSe1-2x pellets (x = 0.01, 0.02, 
and 0.03) as a function of T. 
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8.3.8 Comparison of ZTs 
Figure 8.16 presents the calculated average and peak ZTs of SnSb0.02Se0.96 compared with 
other reported n-type polycrystalline SnSe (SnSe0.95 + 4 % BiCl3,3 SnSe0.87I0.03S0.1,4 SnSe0.95 
+ 3 % PbBr2,5 and Sn0.74Pb0.20Ti0.06Se,6 respectively). As can be seen, we achieve a peak ZT 
of ~ 1.1 at 773 K when x = 0.02, indicating the Sb-doped SnSe possess full potential for the 
application of n-type medium temperature thermoelectric devices. 
 
Figure 8.16 Average and peak ZTs compared with other reported n-type polycrystalline SnSe 
(SnSe0.95 + 4 % BiCl3,3 SnSe0.87I0.03S0.1,4 SnSe0.95 + 3 % PbBr2,5 and Sn0.74Pb0.20Ti0.06Se6). 
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Chapter 9 Conclusions and Recommendations 
9.1 Conclusions 
Compared with other traditional thermoelectric materials, SnSe-based thermoelectric 
materials are highly promising. SnSe consists of light elements and has a very small and 
simple unit cell, which is against the established rules for searching a promising 
thermoelectric material. The record high ZT of ~2.6 at 923 K for single crystals along the b-
axis was achieved without optimizing the p, resulting in a moderate S2σ of 8.5 μW cm-1 K-2 at 
923 K. An ultralow κ of only ~0.35 W m-1 K-1 at 923 K is attributed to the strong anharmonicity 
of chemical bonds in this SnSe layered compound. Thus, the finding of SnSe was a real 
breakthrough in the thermoelectric community and has the guidance to exploring and 
designing high-efficiency thermoelectric materials with low κ. 
To further improve the thermoelectric performance and realize n-type semiconductors from 
pristine p-type polycrystalline SnSe, in this thesis, we applied the knowledge of materials, 
physics, and chemistry to achieve these goals through correlating the material processing, 
understanding the structures by comprehensive characterizations, and building the structure-
property links. Band engineering and vacancy design have been successfully applied to 
achieve high S2σ, and texturing, nanostructuring, and porous design have been 
constructively applied to reduce κ, contributing to high ZTs. Through manipulating kinetic 
conditions to improve Sn and/or Se vacancy concentrations and simutaneouly induce 
hierarchical crystal imperfections in SnSe matrix is the most significant highlight in our work. 
These studies have led to world-leading journal publications, including Advanced Energy 
Materials, 2018: 1800775; Advanced Energy Materials, 2019: 1803242; Energy Storage 
Materials 2018, 10, 130-138; ACS Nano, 2018, 12: 11417-11425; Chemical Science, 2018, 
9: 7376-7389; ACS Applied Materials & Interfaces, 2019, 11: 8051-8059; and a review article 
in Progress in Material Science, 2018, 97: 283-346. Figure 9 shows the comparison of our 
works (marked as red) and other state-of-art works, all based on SnSe thermoelectric 
materials. It is clear that our works are very competitive, and there are still room for further 
improving the thermoelectric performance of both single crystals and polycrystalline SnSe. 
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Figure 9 A comparison of our works (labelled as red) and other state-of-art works based on 
thermoelectric SnSe: (a) T-dependent ZTs and (b) average ZTs for single crystals,1-8 and (c) 
T-dependent ZTs and (d) average ZTs for polycrystalline SnSe.9-19 
 
9.2 Recommendations 
In terms of the recommendations, we summarize the prospects as follow: 
1. Material design. From a material design perspective, we plans to innovatively use 
theoretical guidance to design and manufacture cost-effective, mechanically robust, and 
low-toxic high ZT SnSe-based thermoelectric materials. Realization of material growth 
with desired band structures and microstructures will greatly improve the properties of 
synthesized materials and in turn their practical commercialization. Therefore, the 
success of this target will strongly impact the consequent commercialization of this 
potential technology. 
2. Band engineering. From a scientific point of view, we aim to use theoretical simulations 
and advanced techniques, such as atomic or cluster inter-reaction or in-situ precipitation, 
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to dope or alloy various impurities to tune the carrier transport in SnSe-based 
thermoelectric materials. This will open a unique doping or alloying modification in 
chemical solution-based nanomaterials. Tuneable dopant/alloy levels, including anions (I, 
Cl) and cations (Sb, In, and Na), will finely manipulate the electronic structure to form 
desired high ZTs, which will provide a library of innovative material systems. 
3. Strengthening nanostructuring. In the future, we aim to involve nanostructuring of 
SnSe-based nanomaterials (e.g. grain boundary, and defects design). For example, new 
homogenous or interlayer thermoelectric nanomaterials with desired defect levels will 
further increase the phonon scattering to significantly decrease κ, and in turn to increase 
ZT. The nanostructuring can simultaneously improve the mechanical properties, which is 
significant for thermoelectric device. 
4. Application. All thermoelectric materials are designed for real application in device. From 
this point of view, fundamental understanding of the transport properties related to 
wielding and stable structure of SnSe designed for assembling into device via using 
advanced microstructure characterization and performance evaluation techniques are 
needed, which will finally optimize the key thermoelectric efficiency of thermoelectric 
devices. 
5. 2D SnSe. SnSe is a layered structure with a narrow bandgap. A monolayer of SnSe sheet 
exhibits low formation energy (about 200 meV per atom) due to the interlayer weak van 
der Waals force and strong covalent bonds within the layer. In this respect, two- 
dimensional (2D) SnSe has full potential to present a high ZT values. Until now, it has 
been successfully fabricated macro-sized 2D-SnSe materials (such as SnSe film), 
however, its application is still a challenge in the thermoelectric device. For micro/nano-
sized 2D-SnSe materials (such as SnSe nanosheets), both the fabrication technique and 
the application are under exploration. 
6. Flexible thermoelectrics. Polymer-based flexible thermoelectrics are particular 
fascinating because of their intrinsic flexibility, economical cost, and none or low toxicity. 
There are other promising alternatives including inorganic-based flexible thermoelectrics 
that have high energy conversion efficiency, large power output, and relatively high-
temperature stability. As a typical layer-structured material, SnSe has full potential for 
applying in flexible thermoelectrics. 
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